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Optical and electrical losses in the first layer of a thin-film solar cell are one of the 
strongest efficiency limiting factors for thin-film silicon solar cells on glass. In this 
thesis, front surface excess charge carrier collection in silicon thin-film solar cells and 
its impact on solar cell efficiency is evaluated, using advanced numerical device 
simulation combined with in-depth experimental characterisation. Two types of thin-
film solar cells on glass superstrates are studied: hydrogenated amorphous silicon (a-
Si:H) solar cells and solid phase crystallised polycrystalline silicon (poly-Si) solar cells. 
Device simulation models for a-Si:H and poly-Si thin-film solar cells are developed 
and calibrated via fitting of measured reflectance, current-voltage and spectral response 
data of correspondingly processed solar cells. Then, losses associated with front surface 
excess charge carrier collection in the first layers of the a-Si:H and poly-Si thin-film 
solar cells (window layers and emitter layers, respectively) are analysed. Influences 
from the window layer band gap and conductivity on the efficiency of single-junction 
a-Si:H thin-film solar cells are predicted numerically. Losses in the large-grain emitter 
layer of poly-Si thin-film solar cells are linked to the film’s crystallographic changes, 
using SEM related methods. Potential efficiency gains by improving these layers are 
addressed. Finally, a novel thin-film solar cell device architecture - the substitution of 
the highly recombination active front layer by an ultra-thin tunnel layer with a high 
charge density at the interface with the silicon absorber layer - is evaluated numerically. 
The corresponding 1-sun efficiency potential of the proposed new thin-film solar cell 
architecture is determined and compared to the potential efficiency increase using the 
conventional approaches outlined above.   
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Chapter 1 Introduction 
One of the key technologies to harvest solar energy is photovoltaics (PV), directly 
converting solar irradiance into electricity. This technology is among the few low-
carbon energy technologies that has the potential to grow to a large scale [1]. It was 
estimated that around 103 GW of renewable power capacity (excluding large hydro) 
was built in 2014, among which 46 GW were from PV [2]. Despite the increasing 
amount of installations, solar energy so far contributes only around 1% of the global 
electricity generation (including concentrated solar power) [1]. Therefore, PV 
technology needs further development to be even more competitive, as it will play a 
leading role in the future. Crystalline silicon (c-Si) wafer based solar cells (mono- and 
multi-Si) and thin-film solar cells on glass are the two mainstream technologies in PV. 
The former is occupying most of the current solar cell market (~90% in 2013 [3]) as 
can be seen from Figure 1.1.  
 
Figure 1.1: PV production development by technology [3].   
 
Figure 1.1 also shows that the annual production of thin-film solar cells declined 
over recent years. One of the largest obstacles for the development of thin-film solar 
cells is the lower efficiency (module efficiency < 18% [4]) compared to silicon wafer 
based solar cells (module efficiency up to 20% [4]). The main branches of thin-film 
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technology are (1) Cadmium telluride (CdTe) thin-film solar cells (1.9 GWp [3]), (2) 
Copper indium gallium selenide (CIGS) thin-film solar cells (0.8 GWp [3]), and (3) 
silicon (Si) thin-film solar cells (0.8 GWp [3]). The numbers in the brackets indicate 
the production volume in 2013 according to the Fraunhofer Photovoltaics Report 
(2014, [3]). The main branches of silicon thin-film solar cell technology itself are thin-
film amorphous silicon solar cells (a-Si) and thin-film silicon tandem solar cells. Thin-
film CdTe and CIGS modules have record conversion efficiencies of around 17% [4], 
whereas the highest efficiency for thin-film silicon (tandem) modules is around 12% 
[4]. Despite their low efficiencies compared to Si wafer based solar cells, thin-film 
solar cells in general benefit from a significantly reduced usage of raw materials 
compared to wafer based technology, where there is a huge loss in silicon material 
consumption due to the slicing of the silicon ingots into wafers (kerf loss, constituting 
30% of material loss [5, 6]). Furthermore, Si wafer based technology uses a comparably 
high amount of absorber material itself (i.e. processing 180 μm thick silicon wafers). 
These large thicknesses are necessary as silicon is an indirect-band gap semiconductor 
and therefore has a comparably low absorption coefficient. In contrast, for thin-film 
solar cells, the active material thickness (being deposited on foreign substrates such as 
glass or metal foils) depends on the semiconductor material used. CdTe solar cells 
normally have an absorber thickness in the 3 to 7 μm range [7] and CIGS solar cells’ 
thicknesses are less than 3 μm [8]. For thin-film silicon solar cells, thickness ranges 
from 300 nm for amorphous silicon and goes up to 10 µm for polycrystalline silicon 
thin-film solar cells.  
One of the main concerns for CdTe and CIGS thin-film solar cells is the long-term 
scarcity of some of the needed raw materials, namely tellurium and indium [9], when 
several hundred GW of these type of solar modules shall be produced [10]. In addition, 
the use of toxic elements (cadmium) and its recycling also limits the large-scale 
application for these type of solar cells [1, 11]. Silicon, in contrast, is one of the most 
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abundant materials in the earth’s crust and does not present problems of toxicity [10, 
12]. Furthermore, it is estimated theoretically that, in principle, the efficiency of silicon 
thin-film solar cells can reach 20% [13] for amorphous like material and even 22% for 
crystalline like material [14]. Therefore, research on improving the current efficiency 
of silicon thin-film solar cells is a very important issue in order to advance this 
technology to a stage where it is competitive again with the other PV technologies. 
Increasing the efficiency of thin-film silicon solar cells is an active field of research 
and many new ideas are being introduced to the field. Optically, the efficiency of 
silicon thin-film solar cells can be improved by enhancing light trapping [15-21]. 
Electrically, major improvements concern the thin-film silicon material quality [12, 22-
24]. Some of the main loss mechanisms which are identified in thin-film silicon 
technology, both optical and electrical, occur in the first active layer of the thin-film 
solar cell, i.e. in the front-side excess charge carrier collector. It is well known that 
charge carriers generated in the doped region near the front of the thin-film material 
recombine quickly and do not contribute to the generated current of the solar cell [25]. 
In addition the quality of the front layers may also affect the subsequent material 
growth in the silicon thin-film absorber material [26]. As a result, improving the front 
excess charge carrier collection layer in thin-film silicon solar cells is an important 
aspect to improve the solar cell efficiency.  
In this thesis, front surface excess charge carrier collection in silicon thin-film solar 
cells and its impact on solar cell efficiency is evaluated using advanced numerical 
device simulation combined with in-depth experimental characterisation. 
1.1 Silicon thin-film solar cells 
Silicon thin-film solar cells can be subdivided into hydrogenated amorphous silicon 
solar cells (a-Si:H), microcrystalline silicon solar cells (µc-Si, or equivalently 
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sometimes also better called nanocrystalline Si) and polycrystalline silicon solar cells 
(poly-Si), based on the extension of crystallites with the thin-film silicon material 
(Figure 1.2). a-Si:H lacks long-range periodic order, whereas poly-Si is composed of 
macroscopic grains with various crystallographic orientations (with its grain size g 
being typically in the range of 1 – 1000 μm [27]). Microcrystalline silicon, µc-Si, is an 
intermediate material, which contains both amorphous and crystalline regions (with a 
grain size g of typically less than 1 μm).  
 
Figure 1.2: An illustration of the three thin-film silicon material types, i.e. (a) a-Si:H, (b) μc-Si [28] 
and (c) poly-Si [29]. 
 
All three materials can be deposited by plasma-enhanced chemical vapour 
deposition (PECVD). For poly-Si thin-film material deposition an additional high-
temperature crystallisation step is required (transforming the deposited a-Si material 
into poly-Si). The crystallisation itself can be achieved either by solid phase 
crystallisation (SPC), using a simple high-temperature treatment only, or through liquid 
phase crystallisation (LPC), using a laser or an electron beam to locally melt and re-
crystallise the material (more details will be given in Chapter 2).   
Amorphous silicon is a highly defective material, therefore the mobility and lifetime 
of the generated excess carriers are orders of magnitude lower compared to crystalline 
silicon. As a consequence, a-Si:H solar cells have to be very thin (with a typical 
thickness of a few hundred nanometres). Amorphous silicon (a-Si:H) has a larger band 
gap compared to μc-Si or poly-Si. Thus, in order to effectively utilize the solar 
(a) (b) (c) 
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spectrum, stacks of a-Si:H and μc-Si:H thin-film solar cells can be deposited on top of 
each other, forming an a-Si:H/μc-Si:H tandem device. The efficiency of the resulting 
thin-film tandem device is higher as compared to the single-junction thin-film a-Si:H 
or μc-Si:H cells. Sometimes triple-junction solar cells were deposited, i.e. a-Si:H/μc-
Si:H/μc-Si:H are formed, for an even higher efficiency. The fully crystallised thin-film 
poly-Si does have the same band gap as the wafer based c-Si, but with much more 
defects and thus far has a significant lower lifetime. On the other hand, absorption 
properties of poly-Si thin-films are similar to c-Si. Therefore, a poly-Si thin-film solar 
cell with an only 2 μm thick absorber layer can in principle reach a short-circuit current 
density of 30 mA/cm2 [14], provided that a good light trapping scheme is implemented. 
Table 1-1 shows an overview of the current record efficiencies of silicon thin-film solar 
cells.      
Table 1-1: Officially confirmed terrestrial thin-film silicon cell and submodule efficiencies measured 
















10.5±0.3 94 0.492 29.7 72.1 FhG-ISE(8/07) CSG Solar 
poly-Si** 
(LPC) 
11.7 1 0.585 27.6 72.4 - UNSW 
















12.7±0.4 1.000 1.342 13.45 70.2 AIST (10/14) AIST 
* The poly-Si mini-module was fabricated by solid phase crystallisation (SPC). 
**Reported initial efficiency in [24]; efficiency not officially certified. Stable efficiency is 10.4%. The recrystallisation 
is achieved by liquid phase crystallisation (LPC), i.e. using a continuous wave laser beam. 
 
In this thesis, two types of thin-film solar cells on glass superstrates are studied: 
hydrogenated amorphous silicon (a-Si:H) solar cells and solid phase crystallised 
polycrystalline silicon (SPC poly-Si) solar cells. The advantages of a-Si:H thin-film 
solar cells lie in its large absorption capability and its correspondingly large open-
circuit voltage (direct semiconductor with a larger band gap compared to c-Si). In 
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addition, a low temperature coefficient (around 0.2%/oC) gives a-Si:H thin-film 
modules a high energy yield and renders them suitable for building integrated systems 
[13]. However, there is a light-induced degradation effect in a-Si:H (the so called 
Staebler-Wronski effect [30]), which is one of the major drawbacks of the a-Si:H thin-
film photovoltaic power generating technology. On the other hand, poly-Si thin-film 
solar cells do not suffer from light-induce degradation. However, due to the 
comparatively poor material quality achieved thus far, the current cell efficiency is far 
from its theoretical predictions. A brief comparison of the main properties of the two 
mentioned thin-film materials (a-Si:H and poly-Si) are listed in Table 1-2. 
Table 1-2: Properties of a-Si:H and poly-Si single-junction solar cells on glass; the values indicate 
the order of magnitude for each property. 
 a-Si:H [13, 31, 32] poly-Si [33-35] 
Typical thickness ~300-500 nm ~2-15 μm 
Band gap ~1.7-1.8 eV 1.12 eV 





Diffusion Length 0.1-0.3 μm 2-10 μm 
Device architecture p-i-n n-p 
 
Within this thesis, these two types of thin-film silicon cells were chosen because 
they cover very different physical properties (μc-Si:H can be regarded to be an 
“intermediate” material between a-Si:H and poly-Si). In addition, different solar cell 
device architectures are used for the two materials, i.e. p-i-n for a-Si:H thin-film solar 
cells due to comparably low diffusion length in the intrinsic a-Si:H absorber and n-p 
for poly-Si thin-film solar cells owing to comparably high diffusion length in the p-
doped poly-Si absorber. In the p-i-n device architecture for a-Si:H thin-film solar cells, 
light enters the diode on a glass superstrate through the p-doped region. In the n-p 
device architecture for poly-Si thin-film solar cells, light enters the diode on a glass 
superstrate through the n-doped region. These two materials and device architectures 
are fundamental for all other types of thin-film silicon solar cells. Therefore, even 
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though new concepts and models are developed within this thesis for these two types 
of thin-film silicon cells only, the knowledge gained from these two types of thin-film 
solar cells can in principle be applied to all other types of silicon thin-film solar cells, 
including μc-Si:H and a-Si:H/μc-Si:H tandem solar cells.  
1.2 Overview of the thesis  
In Chapter 2, principles and background information concerning the front surface 
excess charge carrier collection in thin-film solar cells are introduced. One concept that 
will be covered in this thesis is reducing front collection losses by replacing the 
conventional doped charge carrier collection layer with a selective contact. Therefore 
the principles of selective (electron or hole extracting) contacts are also introduced. 
“State-of-the-art” front surface excess charge collectors as conventionally used in a-
Si:H solar cells (i.e. using a p-doped window layer) and in poly-Si solar cells (i.e. using 
an n-doped emitter layer) are reviewed. 
In Chapter 3, device fabrication processes, characterisation techniques and 
simulation methods that were used to carry out the presented work are introduced. The 
fabrication processes of the developed a-Si:H and poly-Si “baseline” thin-film solar 
cells are briefly described. Characterisation methods that are used in this thesis to 
investigate the processed thin-film silicon solar cells are introduced. Finally, numerical 
simulation models and methods used to describe a-Si:H and poly-Si thin-film solar cells 
that are relevant for the presented work are explained.  
In Chapter 4, simulation models for a-Si:H and poly-Si thin-film solar cells are 
established, to study their optical and electrical properties accurately. The numerical 
simulation software used is Silvaco-Atlas (a commercial semiconductor device 
simulator). Optical simulation was calibrated towards the measured reflection spectra, 
and the resulting generation profiles were used as input parameters for the electrical 
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simulation. The second part of the chapter then presents the calibration of the electrical 
properties of the “baseline” a-Si:H and poly-Si solar cells (as processed and described 
in Chapter 3), towards the measured current-voltage characteristic and quantum 
efficiency. Specific simulation models are developed for the two types of silicon thin-
film solar cells in order to reach a self-consistent calibration.  
In Chapter 5, front surface charge carrier collectors of a-Si:H thin-film solar cells 
are investigated systemically by means of numerical simulation. The impacts of the 
band gap and the conductivity of the p-doped μc-SiOx (p-μc-SiOx) window layer on the 
a-Si:H single-junction solar cell efficiency are studied theoretically. Since a window 
layer with a large band gap normally has a smaller conductivity, the best compromise 
between these two properties needs to be identified to achieve a good solar cell 
efficiency. To do this, p-μc-SiOx properties published by different research groups are 
used to evaluate the efficiency potential of the baseline a-Si:H solar cell.  
In Chapter 6, dislocations resulting from plastic deformation in large-grain n+ doped 
poly-Si are demonstrated to be electrically active, using electron microscopy related 
methods including electron beam induced current (EBIC) and electron backscatter 
diffraction (EBSD) methods. Formation of the large grains is one of the effects of large 
phosphorus doping. The other effects, namely junction depth and emitter doping 
concentration, are also evaluated, using numerical simulation. At the end of the chapter, 
the efficiency gain from optimization of the emitter is discussed.    
In Chapter 7, a novel thin-film device architecture applied to both a-Si:H and poly-
Si thin-film solar cells, is evaluated numerically. In this architecture, the 
recombination-rich doped layer of thin-film silicon solar cells is substituted by an ultra-
thin tunnel layer, which contains a large amount of fixed interface charges. The 
theoretical background of this architecture is discussed. The 1-sun efficiencies of the 
new solar cell architectures are calculated for both types of silicon thin-film solar cells. 
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Factors that influence the efficiency of the solar cells with this architecture are 
analysed. The challenges and practical consideration in applying this concept to poly-




Chapter 2 Background and Literature Review 
 
In this chapter, a brief theoretical background concerning excess charge carrier 
collection in silicon solar cells is presented. The general principles of various charge 
carrier collection mechanisms (using different solar cell device architectures) are 
explained. Focusing on thin-film silicon solar cells, the common device architectures 
are discussed. Wafer-based inversion-layer solar cells are also explained in some 
detail, as its underlying concept will be applied in the course of this thesis, for a novel 
thin-film silicon device architecture. The specific devices as processed and further 
analysed within this thesis, i.e. a-Si:H thin-film solar cells and poly-Si thin-film solar 
cells are introduced in detail, and the current state of the art is cited. Properties of the 
corresponding front excess charge collection layers (window layers in case of a-Si:H 





2.1 A brief review of principles of excess charge carrier 
collection in silicon solar cells 
One main requirement for a solar cell to work efficiently is the presence of selective 
contacts, which allow only one type of excess charge carrier (electrons or holes) to be 
collected at the solar cell contacts, respectively [36]. If a semiconductor absorber is 
illuminated, electrons from the valence band are excited to the conduction band and 
electron-hole pairs are generated. As a consequence of the selective mechanism, 
electrons and holes can only move through the solar cell in one direction. This generates 
a charge current flowing through an external circuit. The generation of electron-hole 
pairs is countered by their recombination. Solar cell efficiency depends on the rates of 
generation, extraction and recombination. 
2.1.1 Excess charge carrier collection using a doped semiconductor region within 
a homojunction device configuration 
Conventional types of solar cells rely on a gradient of the quasi-Fermi energy to 
separate electron-hole pairs. In conventional semiconductor solar cell device 
architectures, this gradient is formed by highly doped semiconductor regions, which 
lead to an accumulation of electrons in the n-doped regions and to an accumulation of 
holes in the p-doped regions. If those regions are contacted, the majority carriers (the 
electrons in the n-doped regions or the holes in the p-doped regions) will statistically 
pass into the contact, while the remaining minority carriers will recombine at the 
contacts [36]. Therefore, the doped semiconductor regions serve as “selective 
membranes” by accumulating only one charge carrier type, i.e. electrons or holes. 
When the doped semiconductor regions are contacted, they constitute selective excess 
charge carrier extracting contacts. There are two device configurations which make use 
of such concepts One is the p-n or n-p device configuration (where the absorber layer 
of the solar cell is doped, see for example Figure 2.1a), and the other one is the p-i-n or 
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n-i-p device configuration (where the absorber layer of the solar cell is basically un-
doped, i.e. intrinsic, see Figure 2.1b).  
When excess electrons and holes are generated in the doped absorber layer (for 
instance the p-doped layer in Figure 2.1a) of a conventional p-n homojunction solar 
cell under illumination, the minority carriers can diffuse towards the space charge 
region (SCR) of the solar cell. A high diffusion length within the solar cell absorber is 
therefore required, i.e. a high quality absorber with less defects and thus a high lifetime. 
At the space charge region, the charge carriers are separated by the strong gradient of 
the Quasi-Fermi energies within the SCR. The electrons and holes are then swept away 
into the corresponding doped semiconductor regions (excess electrons enter the 
n-doped material and excess holes enter the p-doped material). Subsequently, they 
become majority charge carriers and are transported towards the contacts and collected 
mainly through the diffusion mechanism.  
If the quality of the solar cell absorber is not sufficiently high, a significant part of 
the minority excess carriers will recombine before reaching the SCR. In that case, a 
different device architecture is used, i.e. the p-i-n device configuration, see Figure 2.1b. 
The absorber of the solar cell is now intrinsic (which is less defective), but more 
importantly, there is now a built-in electric field throughout the solar cell absorber, 
which can additionally support excess charge carrier separation (i.e. drift assisted 
separation within the solar cell absorber, instead of only diffusion assisted separation 
towards the SCR). When the electrons and holes are generated in the intrinsic absorber 
layer of a conventional p-i-n homojunction solar cell device under illumination, they 
are separated and swept away by the internal electric field which spans through the 
entire thickness of the solar cell absorber. Again, electrons and holes then enter the thin 
p-doped and n-doped semiconductor regions of the device, from where they are 




Figure 2.1: Band diagram of conventional types of homojunction solar cells in the dark. These solar 
cells rely on doped semiconductors for charge transport and collection. (a) n-p junction crystalline 
silicon solar cells. (b) p-i-n junction type amorphous silicon solar cells. 
 
Typically, poly-Si thin-film solar cells have a n-p device configuration (light 
entering the diode on glass superstrate through n-doped region), thus excess charge 
carriers are mostly diffusion collected (Figure 2.1a). Due to the highly defective nature 
of even intrinsic a-Si:H compared to doped poly-Si, the lifetime and mobility of the 
charge carriers within the intrinsic a-Si:H absorber is extremely low. In order to 
facilitate charge carrier collection in the cell, a-Si:H cells typically have a p-i-n device 
architecture (light entering the diode on glass superstrate through p-doped region), and 
excess charge carriers are basically drift collected (Figure 2.1b). 
2.1.2 Excess charge carrier collection using a doped semiconductor region within 
a heterojunction device configuration 
A heterojunction device configuration is formed when two semiconductor layers 
with different band gap energies (Eg1 > Eg2) are joined together. Depending on the 
electron affinities, the band gaps and the surface dipoles of the two materials, band 
offsets will form at the interface, i.e. in general, there will be a valence / conduction 
band offset ∆EV, ∆EC, with 𝐸𝑔1 = 𝐸𝑔2 + ∆𝐸𝑉 + ∆𝐸𝐶. In the special case that only one 
band offset is formed (for example ∆EV=0, as sketched in Figure 2.2), the other band 




passing through the interface. For instance, using a typical window layer of an a-Si:H 
solar cell (with the p-doped window layer having a larger band gap compared to the 
intrinsic absorber layer of the solar cell), as shown in Figure 2.2, electrons will be 
repelled by the additional conduction band offset ∆EC, whereas there is no valence band 
offset to block holes from passing through the interface. Thus band offsets can 
significantly enhance the selectivity of charge carriers in their transport through an 
interface. In this case, the semiconductor with the wider band gap (the p-doped window 
layer) can be considered as a semi-permeable membrane (allowing holes passing 
through the interface while blocking electrons). Therefore, using doped layers within a 
heterojunction device configuration, the selectivity of the contact is not only driven by 
the doping of the contact layer (accumulating charge carriers of one type only) but is 
additionally enhanced by properly chosen band offsets (blocking the other type of 
charge carrier from passing the interface). 
 
Figure 2.2: Band diagram of conventional types of heterojunction structure in the dark. In this 
illustration, a p-doped layer has a larger band gap compared to the absorber. As a result, electrons 
get repelled from the p-doped region. Collection of holes therefore is enhanced. 
 
2.1.3 Excess charge carrier collection using an inversion layer device 
configuration  
Conceptually, charge carrier separation in a solar cell can be achieved by any 
mechanism that results in a selectivity of its contacts, i.e. using one contact which is 
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mainly accepting electrons (and rejecting holes) and using another one, which is mainly 
accepting holes (and rejecting electrons). The selectivity can be even achieved without 
using any semiconductor doping, which creates a highly defective and thus 
recombination active region in the device. The inversion layer solar cell is one example 
of a solar cell device architecture, which makes use of such kind of selective contact to 
extract the minority excess carriers from the device. Usually, inversion layer solar cells 
are constructed with only one type of doping, i.e. a moderate background doping of the 
solar cell absorber layer and eventually a highly doped layer used for extracting the 
majority carriers of the device. The minority carriers are extracted by inversion layer 
formation without using any counter-doping for forming an emitter [37]. One 
representative example of an inversion layer solar cell device architecture is the metal-
insulator-semiconductor (MIS) solar cell. Its working principle is based on quantum-
mechanical tunnelling of charge carriers through a thin insulating layer [38], which is 
used for selective charge collection by forming an inversion layer within the solar cell 
absorber, see Figure 2.3. The large work function of the metal used, compared to the 
electron affinity of the semiconductor, leads to an inversion of the space charge region 
(SCR) near the surface (contact region) of the semiconductor absorber.  
 
Figure 2.3: Band diagrams of an inversion layer solar cell in the dark realized by a MIS structure, 
using a metal contact with a high work function to form the hole extracting contact. At the MIS 




The inversion layer can also be formed if a high interface charge density presents at 
the metal-insulator-semiconductor interface. This can be achieved by depositing an 
ultra-thin dielectric tunnel layer, which contains a large amount of fixed charges (e.g. 
negative fixed charges in Figure 2.4, thereby attracting holes, i.e. forming an inversion 
layer). Charges of the same polarity will be repelled by the fixed interface charges 
whereas charges of the opposite polarity will be attracted towards the charged interface.  
 
Figure 2.4: Band diagrams of an inversion layer structure in the dark realized by high fixed charges. 
At the contact, holes can tunnel through the insulator while electrons are pushed away from the 
contact. 
 
As a result, the underlying semiconductor absorber becomes inverted at the 
interface between the absorber and the contact, i.e., majority carriers are pushed away 
from the interface and minority carriers get accumulated. Such a structure is realized, 
for instance, if a dielectric layer containing trapped negative charges is deposited onto 
n-doped silicon [39] (Figure 2.5a). Electrons are repelled from the dielectric 
layer/silicon interface and holes are attracted to it. As a result, the surface of this n-
doped silicon is inverted into p+-Si (IL) and a virtual field induced p-n junction is 
formed. Within the fully inverted SCR, minority charge carriers will diffuse in this 
strong inversion layer to get to the metal collector. Consequently, an inversion layer 
solar cell is formed without using a doped emitter, which is highly defective and thus 




Figure 2.5: (a) Sketch of front inversion-layer (IL) emitter solar cell designs on c-Si wafer based 
solar cells. The IL is induced by the negative charge from Al2O3 on c-Si. In comparison, (b) the 
conventional boron-diffused selective emitter [39]. 
 
Inversion layer (IL) silicon wafer based solar cells using fixed charge to achieve 
absorber inversion have been developed for decades (see for example in Ref. [39-42]). 
IL silicon wafer based solar cells were first produced using thermally grown SiOx on 
p-doped silicon [42, 43]. Later, plasma-enhanced chemical vapour deposition 
(PECVD) SiNx films were found to host positive charges in the order of 7×1012 /cm2 
[44].  The SiNx film then became a more attractive candidate for p-doped silicon IL 
solar cells [44]. In recent years, owing to the fast developing atomic layer deposition 
(ALD) AlOx technique, it was also demonstrated that the AlOx on n-doped silicon wafer 
solar cells are of great advantages in the fabrication of IL solar cells [39, 45]. Among 
all these silicon wafer based inversion-layer solar cells, one of the main limitations is 
the lateral conductivity of the majority carriers in the inversion layer. In order to 
achieve lower sheet resistance of the inversion layer, the density of the fixed charge 
needs to be high and the metal lines need to be dense [46, 47]. Recent development of 
rear-emitter IL solar cells on n-type silicon resulted in an estimation of an efficiency 
potential of up to 26.3% [39]. However, a successful transition of this concept to thin-
film silicon solar cells remains to be demonstrated. 
The concept of thin-film silicon solar cells (n-p and p-i-n configuration) using 




This concept is discussed in Chapter 7 of the thesis, together with a theoretical 
investigation of the feasibility of applying this concept to thin-film silicon solar cells. 
2.2 a-Si:H thin-film solar cells 
As mentioned before, a-Si:H thin-film diodes consist of three layers, a thin p-doped 
a-Si:H hole collection layer, an intrinsic a-Si:H absorber and a thin n-doped electron 
collection layer. The solar cell can be constructed either in a superstrate or in a substrate 
configuration, as illustrated in Figure 2.6. In the substrate configuration (metal or other 
non-transparent materials used as substrate), the deposition sequence of a-Si:H diode 
is n-doped, intrinsic and p-doped a-Si:H layers. The structure is normally referred to as 
an n-i-p solar cell. In the superstrate configuration, the deposition sequence is p-, i- and 
n-doped layers. The resulting solar cells are referred to as p-i-n solar cells. The p-i-n 
configuration is deposited on glass or another transparent material. The 
substrates/superstrates (coated with conductive layer) are always textured for light 
trapping purposes. Textured transparent conductive oxide (TCO) is normally used as 
the front contact. As can be seen from Figure 2.6, light enters the a-Si:H diode through 
the p-layer in both configurations. This is a consequence of the poorer drift-mobility 
for holes than for electrons in a-Si:H [49]. Since more light is absorbed at the front than 
the rear, these generated holes need to travel shorter distances before being collected 
when light is incident through the p-layer. Therefore the p-layer is the front charge 
collection layer and conventionally referred as the ‘window layer’ of an a-Si:H thin-




Figure 2.6: Schematic of a-Si:H solar cells in (a) superstrate (p-i-n) (b) substrate (n-i-p) 
configuration. Front contact material is normally a textured TCO. The solar cell is illuminated from 
the top.  
 
Compared to intrinsic a-Si:H, the doped p-layer is more defective, and thus more 
recombination active. Consequently, one of the main losses in a-Si:H thin-film solar 
cells occurs in this window layer, due to parasitic absorption. This can be observed 
from the spectral response of the thin-film solar cells, i.e. the quantum efficiency for 
blue light is quite poor. Ideally, the p-layer should be nearly transparent so that most of 
the photons can be absorbed in the intrinsic absorber. Therefore, the p-layer in a-Si:H 
thin-film solar cells should have a large optical band gap to reduce this loss [25]. The 
significance of engineering the p-layer also lies in the control of the band offset at the 
p-i interface [50]. The relative amount of recombination occurring at this interface will 
affect the electrical performance of a-Si:H solar cells such as Voc [23, 51, 52]. It is found 
that Voc is influenced by the conduction band offset at the p-i interface [23]. In addition, 
an ideal p-doped window layer should form an ohmic contact with the front surface 
TCO [53] for loss-free charge collection.   
Window layers with different band gaps and conductivities are realized by adjusting 
the process parameters and have been investigated previously (for instance see Refs. 
[54-58]). Frequently, p-type amorphous silicon carbide (p-SiC) is used as the window 
layer in the p-i-n superstrate a-Si:H cells configuration [59-61]. Recently, p-doped 




window layers in a-Si:H solar cells. Comparing to p-SiC, p-μc-SiOx has a higher band 
gap and lower refractive index owing to the incorporation of oxygen [22, 56, 57, 61, 
62]. A window layer with a wider band gap not only works as a “transparent” material 
reducing parasitic absorption, but also accommodates the required band offset at the 
interface. This band offset acts as a barrier such that electrons are blocked from entering 
the front surface collection region. Unfortunately, these fabricated window layer 
materials normally have large band gaps but low conductivities.  
It is hard to conduct a systematic way to analysis the desired window layer 
properties for the state-of-art a-Si:H thin-film solar cells experimentally. Therefore, in 
Chapter 5 a simulation study is conducted to find the impact of conductivity and band 
gap of the window layer on the I-V characteristics of a-Si:H single-junction solar cells. 
Compromises between optical losses and conductivity for the window layer, based on 
the published material parameters for p-μc-SiOx, are discussed using the simulation 
model for a-Si:H thin-film solar cells.  
2.2.1 State-of-the-art a-Si:H thin-film solar cells 
The current a-Si:H solar cell world record efficiency was achieved by researchers 
from the Advanced Industrial Science and Technology (AIST) laboratory in Japan [63]. 
The record single-junction p-i-n solar cell has a stable efficiency of 10.11%, on 1 cm2 
area. The solar cell was fabricated using a PECVD process. A superstrate p-i-n 
configuration was adopted and the cell was deposited on textured TCO coated glass 
(Figure 2.7). The window layer was highly optimized and consists of a p-doped μc-




Figure 2.7: Illustration (not drawn to scale) of a-Si:H single-junction solar cells by AIST. 
 
2.2.2 a-Si:H solar cells used in this thesis 
The a-Si:H thin-film solar cells studied in this thesis were realized in a superstrate 
configuration. The cells were fabricated on planar glass sheets with or without textured 
aluminium-doped zinc oxide (AZO). The window layers consisted of a p-doped μc-
Si:H (5 nm)/p-doped μc-SiOx:H layer (20 nm) stack. The cell structure is shown in 
Figure 2.8. The best efficiency reached was 9.4% on a textured superstrate. 
 
Figure 2.8: Illustration (not drawn to scale) of a-Si:H single-junction solar cells used in this thesis. 
The structure is deposited on glass with textured AZO. 
Textured SnO2 with  
TiO2 (35 nm)-ZnO 





2.3 Poly-Si thin-film solar cells 
Poly-Si thin-film solar cells on foreign substrate can be produced by different 
methods. Four technologies are widely used [34]:  
1) solid phase crystallisation of amorphous silicon layers,  
2) liquid phase recrystallisation of amorphous or nanocrystalline Si layers,  
3) epitaxial thickening of poly-Si seed layers, and  
4) direct growth of fine-crystalline silicon layers.  
The former two techniques produced record efficiency poly-Si solar cells as listed 
in Section 1.1. All these fabrication methods involve processes with high temperatures 
(> 600 oC). Despite the fact that poly-Si thin-film solar cells were fabricated in a 
substrate configuration when Sanyo pioneered this technology in the 1990s [26, 64, 
65], today’s state-of-the-art poly-Si thin-film solar cells on glass adapt the superstrate 
configuration [12, 24, 66]. The monolithic series interconnection metallisation [67] 
used for a-Si:H thin-film solar cells is not suitable due to the high processing 
temperatures (> 600C), which destroys the optoelectronic properties of the TCO layers 
[33]. As a result, different rear side metallisation schemes are developed for poly-Si 
thin-film solar cells on glass. The efficiency of the solid phase crystallised (SPC) poly-
Si thin-film solar cells produced by Sanyo in the 1990s reached 9.2% on an area of 
1 cm2 [26]. In comparison, the SPC poly-Si solar cells produced by CSG Solar (with 
record efficiency of 10.5% [66]) use a conventional homojunction structure formed by 
SPC of doped a-Si:H layers. The cell structure is shown in Figure 2.9. In the applied 
metallisation process, a pulsed laser is used to slice the Si layer into adjacent strip cells. 
A thin layer of resin loaded with white pigments is coated onto the module. The n-type 
emitter contacts (‘craters’) are opened by etching of openings into the resin layer. This 
can be done using an inkjet printhead. After that, poly-Si is removed by chemical 
etching. The same inkjet process is then used to create the ‘dimples’, which constitutes 
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the p-type rear contacts. Aluminium is used to form contacts to emitter and rear p+ Si 
layers. The Al is then sliced into individual pads using laser pulses [33]. 
 
Figure 2.9: Poly-Si thin-film solar cell fabricated by CSG Solar in a superstrate configuration [66]. 
 
In the case of poly-Si thin-film solar cells fabricated by the SPC method, the front 
surface collection layer consists of phosphorus doped poly-Si. This region is 
conventionally referred to as the emitter of the poly-Si thin-film solar cell, and it 
collects electrons. As the front surface layer in the poly-Si thin film solar cells, carriers 
generated in the region should be effectively collected to reduce parasitic absorption 
(thinner emitter layers are desired). In this homojunction n-p poly-Si solar cell, analysis 
of the front surface collector additionally contributes to the understanding of impacts 
of the junction properties on the efficiency of the poly-Si thin-film solar cells. The 
junction properties include for instance, the junction depth and the emitter doping 
concentration after crystallisation process. It was reported in recent studies of the SPC 
poly-Si thin-film solar cells that increasing doping concentration leads to large grains 
in n+ poly-Si thin-film but poor crystal qualities [26, 65, 68]. Recent studies of large-
grain SPC poly-Si thin films also reveal the presence of plastic deformation and 
consequently the appearance of geometrically necessary dislocations in the film [69].  
Therefore, investigation of the emitter region also contributes to the study of the 
recombination activities in poly-Si thin-films, and thus the solar cell efficiencies. In 
Chapter 6, the author demonstrates the link between the electrical collection efficiency 
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of the large-grain poly-Si thin-film diode and the films’ crystallographic 
misorientation. Taking this additional parameter into account, the effects of the emitter 
doping concentration and the emitter thickness on poly-Si thin-film solar cells are then 
evaluated by simulation.  
2.3.1 State-of-the-art poly-Si thin-film solar cell structure 
In newly developed high-efficiency liquid phase crystallised (LPC) poly-Si thin-
film solar cells (> 11% initial efficiency [24]), the absorber silicon layer is deposited 
by electron beam evaporation and then crystallised either by electron beam or a 
continuous wave laser beam [12, 24]. Using the LPC method, grain sizes and electronic 
material quality improves over those from the SPC method. Poly-Si grains can grow to 
a size of centimetres in the scanning direction [12, 24] compared to a grain size of less 
than 10 μm for the SPC method. On the other hand, LPC samples have a thickness of 
10 μm compared to about 2 µm for SPC samples.  
 
Figure 2.10: Device structures for the record LPC poly-Si thin-film solar cells [24, 70]. The 
heterojunction structure has an absorber layer thickness in the 10 to 20 μm range. 
 
Both structures adapt a superstrate configuration where light enters from the glass 
side. As can be seen from Figure 2.10, there is no highly doped front surface region in 
LPC poly-Si solar cells, in contrast to SPC poly-Si devices. As a result, charge carrier 
collection in LPC samples has to be achieved by a rear-side all-back-contact scheme. 
The excess charge collectors at the rear side are formed by either a dopant diffusion 
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process or by deposition of a c-Si/a-Si:H heterojunction. The metallised devices are 
shown in Figure 2.10. Details on the metallisation process for these types of thin-film 
solar cells can be found in Refs. [24, 70] . 
2.3.2 Poly-Si solar cells used in this thesis 
For the poly-Si thin-film solar cells studied in this thesis, homojunction SPC poly-
Si is fabricated in a superstrate configuration. The metallisation process involves the 
removal of Si to reach the front emitter region. A detailed description of the fabrication 
process is given in Chapter 3, Section 3.1.2. The cell structure is shown in Figure 2.11. 
The best efficiency achieved was 6.6% on textured superstrates. Compared to the 
record cells with more than 10% efficiency, both the light trapping scheme and the 
material quality requires further optimisation.  
 
Figure 2.11: Illustration of poly-Si solar cell structure produced in this thesis. The absorber 




Chapter 3 Fabrication, characterisation and simulation 
methods for silicon thin-film solar cells 
 
In this chapter, device fabrication methods, characterisation techniques and 
simulation methods that are used in later parts of the thesis are introduced. Firstly, 
fabrication processes of amorphous silicon (a-Si:H) and polycrystalline silicon (poly-
Si) thin-film solar cells are briefly described. Secondly, the most important 
characterisation methods for thin-film solar cells that are used in this thesis are 
described. Finally, the simulation methods used to model a-Si:H and poly-Si thin-film 




3.1 Fabrication of silicon thin-film solar cells on glass 
In this section, the fabrication methods for the a-Si:H and poly-Si thin-film solar 
cells investigated in this thesis are presented. Furthermore, the final device 
architectures of the resulting thin-film a-Si:H and poly-Si solar cells are introduced.  
3.1.1 Fabrication of a-Si:H thin-film solar cells  
The a-Si:H solar cells analysed in this thesis were processed by the author’s 
colleague Nasim Sahraei at the Photovoltaic Competence Centre for thin-film and 
nanotechnology, PVcomB, Berlin, Germany. These solar cells were fabricated on both 
planar and textured superstrates, using the plasma-enhanced chemical vapour 
deposition (PECVD) method. The textured superstrate consists of a planar glass sheet 
which is covered with a texture-etched aluminium-doped zinc oxide (AZO) film on one 
side. The AZO films were deposited by DC magnetron sputtering and the texturing was 
achieved by wet-chemical etching using 0.5 vol.% hydrochloric acid for 75 seconds 
[71]. The textured AZO films were optimized for maximum scattering while at the 
same time minimizing local shunt formation. Subsequently, a PECVD deposition of 
the thin-film a-Si:H layers (p+/i/n+) was performed, followed by the deposition of the 
back contact consisting of AZO and Ag. Silane (SiH4) and hydrogen (H2) were used 
for the deposition of the intrinsic a-Si:H layers. Additional dopant sources, i.e. PH3 and 
trimethylborane (TMB, C3H9B) were used for the deposition of doped a-Si:H layers. 
To obtain wide-band gap materials for the p-doped window layer, CO2 and CH4 were 
added into the gas phase during the deposition of p-doped window layer. For a more 
detailed description, see Ref. [72].  
Thus, the corresponding single-junction thin-film a-Si:H solar cells deposited on 
textured (or planar) superstrates have the following structure (Figure 3.1): glass 
(planar) / AZO (planar or textured) / p-doped μc-Si:H / p-doped μc-SiOx:H / intrinsic 
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a-Si:H / n-doped μc-Si:H / AZO / Ag. One thing should be noticed is that the 
corresponding fabrication process was optimized for solar cells deposited on textured 
superstrates. The initial efficiency of the a-Si:H thin-film silicon solar cell on planar 
glass was 8.3% and that of the a-Si:H thin-film silicon solar cell on textured glass was 
9.4%. 
 
Figure 3.1: Illustration of the a-Si:H thin-film solar cell structure used in this thesis.  
 
3.1.2 Fabrication of poly-Si thin-film solar cells  
The poly-Si solar cells analysed in this thesis were processed by SERIS’ Poly-Si 
Thin-Film Solar Cell Group, of which the author was a member. These poly-Si thin-
film solar cells were formed by solid phase crystallisation (SPC) of an a-Si:H precursor 
diode prepared by PECVD [73]. The glass superstrates were either planar or textured. 
The textured superstrates were obtained using the aluminium-induced texture (AIT) 
process researched at SERIS. A detailed description of the AIT process can be found 
in Ref. [74]. Prior to the deposition of the a-Si:H precursor diode, the glass sheet was 
coated with SiNx by PECVD. An amorphous silicon precursor diode (a sequence of 
PECVD deposited n+/p-/p+ thin-film layers) was deposited onto the SiNx coated glass 
subsequently. After that, the a-Si:H diode underwent SPC in a nitrogen purged oven at 
600 oC for 12 hours, followed by a rapid thermal annealing (RTA) process at a peak 
temperature of 1000 oC for 1 minute. The purpose of the RTA process is to activate 
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dopants and to anneal defects. Finally, the poly-Si thin-film diode was hydrogenated in 
a hydrogen plasma at a substrate temperature of 475 oC to passivate grain boundaries 
and intra-grain defects. A detailed description of SERIS’ poly-Si thin-film solar cell 
fabrication process can be found in Ref. [75]. 
The final device diode structure consists of borosilicate glass (planar)/ silicon nitride 
/ n+ emitter /p- absorber / p+ Si back surface field. A thin SiO2 film (~100 nm) was 
sputtered onto the device, which – in combination with an Al overlayer - acts as a back 
surface reflector (BSR). 
 
Figure 3.2: (a) Schematic plan-view of the interdigitated metallization scheme as seen from the rear 
surface. (b) Schematic cross-section view of the baseline poly-Si thin-film on glass metallization 
pattern. The back surface Al is contacting the p+ poly-Si through point contacts in the SiO2 layer. 
Light enters the solar cell through the glass pane. 
 
The interdigitated metallisation pattern (Figure 3.2) developed at the University of 
New South Wales (UNSW) [73, 76] for poly-Si thin-film solar cells was adapted and 
further developed in the scope of this thesis. The pattern was used to fabricate a 9.3% 
efficient poly-Si thin-film solar cell [76]. The metallisation scheme involves removal 
of the poly-Si absorber material (forming the groove) in order to form an emitter 
contact. Owing to the good conductivity of the doped poly-Si film, no transparent 




The first step of the metallisation process was to open point-contact holes in the 
SiO2 film by photolithography. A positive photoresist (AZ 1512) layer was coated by 
spin coating (1200 rpm during 30 seconds). The sample was then baked for 10 minutes 
at 95 oC in the oven. A photolithography process was then performed to define the size 
and location of the point-contact holes, using a mask aligner with flexible masks. An 
AZ 300 MIF developer was then used to develop the exposed resist (30 seconds). A 
wet-chemical etching of SiO2 was then carried out using 5 vol.% hydrofluoric acid for 
45 seconds. The photoresist was then lifted off by an ultrasonic treatment in an acetone 
solution. An Al film (~1 μm) was then deposited via thermal evaporation, which later 
forms the back surface fingers and busbar. The samples were annealed for half an hour 
at 225oC in pure nitrogen ambient to reduce the contact resistance [5]. A second 
photolithography process was then performed to define the size and location of the 
emitter fingers and busbars. A phosphoric etch (33% H3PO4, 70 oC) removes the back 
surface Al and is followed by an additional wet etch for the SiO2 BSR exposing the 
poly-Si film. A dry-etch of the samples in a SF6 plasma was then performed to remove 
the silicon and enable the contacting of the n+ film. Another Al film (~500 nm) was 
subsequently evaporated to contact the exposed n+ emitter sidewall. The excess Al that 
did not contribute to the emitter contact was lifted off with the underlying photoresist.  
With all steps optimised, a stable baseline process was established and 1-Sun fill 
factors as high as 73% were achieved on planar solar cells (exhibiting 4.5% cell 
efficiency). On textured superstrates, the highest 1-Sun fill factor achieved was 69% 
(6.6% cell efficiency). However, as the fill factors and the poly-Si material quality on 
textured superstrates had a very large variation, the processed textured poly-Si solar 
cells were not used for further analysis in this thesis. 
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3.2 Characterisation of silicon thin-film solar cells on glass 
In this Section, the characterisation methods used in this thesis for thin-film silicon 
solar cell analysis are described. Representative measurements, characterising a-Si:H 
and poly-Si thin-film solar cells respectively, are shown. Current-voltage (I-V) and 
spectral response (or equivalently external quantum efficiency, EQE) measurements 
were conducted on both a-Si:H and poly-Si samples. Electrochemical capacitance-
voltage (ECV) measurements and scanning electron microscope (SEM) related 
measurement techniques, i.e. electron beam induced current (EBIC) and electron 
backscatter diffraction (EBSD) were conducted on poly-Si samples. Due to the low 
doping density of intrinsic a-Si:H, and due to the fact that a-Si:H stacks lack long-range 
atomic order, ECV and SEM related measurements are not suitable for the 
characterization of the fabricated a-Si:H thin-film silicon layers on glass.  
3.2.1 Current-Voltage (I-V) measurement 
The I-V characteristics of the poly-Si thin-film solar cells were measured using an 
in-house built, temperature controlled current-voltage analyser called T-Sunalyzer, 
built by SERIS in collaboration with IVT Ltd [77, 78]. The light source consists of a 
xenon lamp and some optical components (filters). The measurements were performed 
under standard test conditions (STC) with the cell temperature set to 25 oC, a light 
intensity of 100 mW/cm2, using an approximated AM-1.5g solar spectrum as a 
reference.  
The I-V characteristics of the a-Si:H thin-film solar cells (which were fabricated in 
collaboration with PVcomB, Berlin, Germany) were measured at PVcomB, using a 
commercial dual-source (Hg and Xe) WXS-155S-L2 solar simulator. These cells were 
measured after annealing at 160oC for 50 minutes.  
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Typical I-V measurements for poly-Si and a-Si:H thin-film solar cells are 
demonstrated in Figure 3.3, These data show the achieved “baseline” results on planar 
superstrates. As a-Si:H has a larger band gap compared to poly-Si, a-Si:H solar cells 
have a larger open-circuit voltage (i.e. 890 mV compared to 450 mV for the fabricated 
poly-Si solar cells). If deposited on planar superstrates, a-Si:H solar cells will have a 
lower short-circuit current (i.e. 12.5 mA/cm2 compared to 14.5 mA/cm2 for the poly-Si 
solar cells), stemming from the larger band gap (less photon absorption) but also from 
the thinner absorber layer thickness (i.e. 238 nm compared to 1.8 μm for the poly-Si 
solar cells). 
 
Figure 3.3: Typical I-V measurement results for silicon thin-film solar cells on planar superstrates. 
3.2.2 Spectral response (SR) measurement 
The spectral response characteristics of the poly-Si thin-film solar cells were 
measured at SERIS, using a commercial solar cell spectral response measurement 
system (solar cell scan 100, Zolix Instruments Co. Ltd). The spectral response 
characteristics of the a-Si:H thin-film solar cells were measured at PVcomB, using the 
differential spectral response method. The calibration method and the details of the 
measurement set-up can be found in the PhD thesis of Kirner [79].  
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A spectral response measurement is usually performed under short-circuit 
condition. The short-circuit current increase of the solar cell in response to an 
additionally imposed monochromatic illumination is measured. From spectral response 
measurements, the quantum efficiencies (QE) can be derived. The quantum efficiency 
gives the probability that a photo-generated electron (due to photon absorption) can be 
collected as short-circuit current in the external circuit [80]. There are two terms 
associated with quantum efficiency, namely external quantum efficiency (EQE) and 
internal quantum efficiency (IQE). EQE is the ratio of the generated electron flux to 
the incident photon flux. On the other hand, IQE refers to the ratio of the generated 
electron flux to the absorbed photon flux. Thus, IQE directly reveals the spectrally 
resolved electrical loss within a solar cell under short-circuit condition. 
Mathematically, the two are given by: 
𝑬𝑸𝑬(𝛌) =
𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏 𝒇𝒍𝒖𝒙
𝒊𝒏𝒄𝒊𝒅𝒆𝒏𝒕 𝒑𝒉𝒐𝒕𝒐𝒏 𝒇𝒍𝒖𝒙 (𝛌)
                                                                                                              3-1 
𝑰𝑸𝑬(𝛌) =
𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏 𝒇𝒍𝒖𝒙
𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅 𝒑𝒉𝒐𝒕𝒐𝒏 𝒇𝒍𝒖𝒙 (𝛌)
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If the reflection and transmission properties of solar cells are measured, IQE can be 




                                                                                                                               3-3 
From EQE, short-circuit current generated under a particular solar spectrum can be 
calculated. In principle, the measured short-circuit current density under an AM-1.5g 
spectrum should be also obtained by integrating the measured EQE(λ) over the entire 
solar spectrum. The EQE is basically determined by two factors: the probability of 
photon absorption at a particular wavelength and the collection efficiency of the photo-
generated electron being collected as external short-circuit current. Therefore, EQE can 
also be expressed analytically by: 
𝑬𝑸𝑬(𝝀) = ∫𝑮(𝝀, 𝒙) 𝒇(𝒙)𝒅𝒙                                                                                                                    3-4 
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In this equation, G(λ,x) is the carrier generation profile and f(x) denotes the carrier 
collection efficiency as a function of depth.  
Figure 3.4 shows typical EQE measurements for poly-Si and a-Si:H solar cells, i.e. 
showing the achieved “baseline” results on a planar superstrate. Due to the larger band 
gap of a-Si:H (compared to poly-Si), and due to the smaller absorber layer thickness of 
a-Si:H thin-film solar cells, the EQE of a-Si:H solar cells drops to zero at wavelengths 
longer than 800 nm. On the other hand, as can be seen from the measurement, at 
wavelengths from 400 nm to 600 nm, a- Si:H thin-film solar cells have a much higher 
EQE compared to poly-Si thin-film solar cells on planar superstrates. This suggests a 
larger absorption and collection probability in a-Si:H compared to poly-Si thin-film 
solar cells in this wavelength range.  
 
Figure 3.4: Typical EQE measurement results for silicon thin-film solar cells on planar superstrates. 
 
3.2.3 Electrochemical capacitance-voltage (ECV) measurement 
Doping profiles of poly-Si thin-film devices are measured using an ECV doping 
profiler system (CVP21 ECV profiler from WEP control, Germany). With this method 
the junction location can be determined and active doping concentrations in each layer 
of the poly-Si thin-film stack can be measured as a function of depth. By traditional 
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capacitance-voltage (C-V) probing under reverse bias, one can obtain the active doping 
concentration at the edge of the junction depletion region. To obtain the depth 
dependent concentration profile, samples are exposed to a suitable electrolyte. 0.1 M 
NH4F·HF is used as electrolyte in this thesis. The electrolyte and semiconductor form 
a Schottky contact for the C-V measurement. The etch process is controlled via the 
applied current to the semiconductor under forward bias condition. By repeating the 
C-V measurements and etching processes, the doping profile can be obtained. Further 
details on ECV measurements can be found in [81-83]. The basics of ECV 
measurements on poly-Si thin-film solar cells can be found in [84]. Figure 3.5 shows a 
typical ECV measurement of a poly-Si diode on a glass superstrate. The total thickness 
of the diode is around 2 μm. For this particular sample, the junction depth is around 
800 nm from the surface. 
 
Figure 3.5: Example of poly-Si ECV measurement results. 
 
3.2.4 Scanning electron microscope (SEM) related measurements 
In order to analyse the material properties of the front charge carrier collector layer, 
SEM associated methods, namely electron beam induced current (EBIC) and electron 
backscatter diffraction (EBSD) are used. The general principles of these two methods 
are introduced in this section. Electron microscopy and its related techniques provide 




































the possibility not only to image the sample in micro to nano scale, but also to analyse 
the microstructures and electrical properties of the thin-film layers [27, 85].  
3.2.4.1 Electron beam induced current (EBIC) measurement 
The principle of EBIC is to measure the current collected from the solar cell during 
electron beam scanning through the sample under short-circuit condition. The electron 
beam can generate electron-hole pairs in the semiconductor in a defined region around 
the position of the beam. The generated charge carriers either recombine at electrically 
active defects or are collected at the contacts and are measured as an external current. 
The generated charge carriers within the generation volume will diffuse away from 
their original position. When they encounter the p-n junction, the electrons and holes 
get separated and drift in opposite directions. Electrons then enter the emitter region 
and holes enter the base region, where they become majority carriers. These excess 
charge carriers then diffuse to the respective contact and are collected under short-
circuit condition. The collected current is denoted electron beam induced current IEBIC. 
With the knowledge of the position of generation and beam current etc., the localized 
collection efficiency of the solar cell can be obtained and studied. Two kinds of EBIC 
images can be obtained to study the properties of the material (Figure 3.6) [86, 87]: 
Cross-sectional EBIC and plan-view EBIC.  
 
Figure 3.6: Schematic of different EBIC measurement geometrics of a p-n junction. (a) Cross-




Normally, cross-sectional EBIC can be obtained by milling the sample with a 
focused ion beam (FIB). The FIB cut can reveal the cross section of the thin-film 
sample, and thus the p-n junction depletion region [89]. When e-h pairs are generated 
within the depletion region of the p-n junction while the beam scans the cross-section 
surface, a large number of e-h pairs get separated and are collected in the external 
circuit. When the beam moves away from the depletion region the collection 
probability will drop significantly. As a result, EBIC scans provide information about 
the location of the junction depth of the thin-film diode (Figure 3.7). As can be seen 
from Figure 3.7, a super-imposed secondary electron (SE) and EBIC image indicates 
the junction is around 100 nm away from the glass superstrate. 
 
Figure 3.7: (a) SE image of poly-Si solar cell on glass with FIB cut. (b) Corresponding EBIC image. 






In a plan-view EBIC image, if the location of the p-n junction is the same within 
the region of interest, the collected current varies when there are defective regions 
present in the sample non-homogenously. This leads to the contrast of the EBIC image, 
which therefore gives the information of the different collection probability within this 
region. As a result, the information of the defect distribution of the area can be obtained 
[90, 91].  
Inns et al. [89] combined FIB with EBIC to determine the junction location in poly-
Si thin-films on glass. It was shown that, if the p-n junction shifts towards the air-side 
from which the electron beam impinges onto the poly-Si diode, the local plan-view 
EBIC signals change. Lausch et al. [86] concluded from their EBIC measurements that 
structural inhomogeneities might lead to missing p-n junctions in SPC poly-Si samples 
on glass. In their study, cross-sectional and top-view EBIC measurements were used to 
reveal the distributed p-n junctions in the sample. Plan-view EBIC was used by Van 
Gestel et al. [92, 93] to reveal electrically active intra-grain defects in AIC (aluminium-
induced crystallisation) layers in poly-Si thin-films.  
In this thesis, plan-view EBIC characterization of poly-Si thin-film solar cells is 
further explored. The set-up of the measurement is sketched in Figure 3.8.  
 




To obtain information about the local collection efficiency on a microscopic level, 
EBIC currents at various beam voltages are measured.  
 
Figure 3.9: Monte-Carlo simulation of the electron generation profile at a beam voltage of 4 kV. The 
colour lines and the corresponding numbers denote the percentages of energy dissipation. 
 
The EBIC signal can be express as the product of the electron-hole pair generation 
function g(x, Eb) (as an example see Figure 3.9) and the depth dependent collection 
probability/efficiency F(x) according to Donolato [94-96]: 
𝑰𝑬𝑩𝑰𝑪(𝑬𝒃) = ∫𝒈(𝒙, 𝑬𝒃) 𝑭(𝒙)𝒅𝒙                                                                                                              3-5 
Since both EBIC current and generation function are proportional to the injected 
beam current, an EBIC gain [94] can be defined by the ratio of IEBIC to IBEAM. The EBIC 
gain thus describes how many electrons are collected by the external circuit on average 
due to one primary beam electron. An analogy can be drawn between EBIC gain and 
EQE(λ) (Equation. 3-4). Therefore, measuring the EBIC gain as a function of injected 
electron beam voltage can reveal information on the local collection efficiency of the 
thin-film diode. 
























3.2.4.2 Electron Backscatter Diffraction (EBSD) measurement 
Electron backscatter diffraction (EBSD) in conjunction with SEM is a very 
powerful technique to study the crystal orientation. The principle of EBSD is that 
backscattered electrons will be diffracted at corresponding sets of atomic planes. While 
being collected, these diffracted electrons can provide information on crystal symmetry 
and orientations [85]. Average grain size, defined as the diameter of individual grains 
of the poly-Si film, is measured. The relative orientations between neighbouring pixels 
can be quantified and the misorientation within grains and between grains can be 
obtained [97-99]. One thing to be noted about EBSD studies is that the signal is strongly 
affected by the surface properties of the material. When the beam energy is 20 kV for 
example, the penetration depth of the beam can reach several micrometres. However, 
the exit depths for the backscattered electrons that contribute to EBSD measurement 
may be only a few tens of nanometres. 
 
Figure 3.10: EBSD measurement on poly-Si thin-film set-up used in this thesis. 
 
The setup of EBSD measurements is sketched in Figure 3.10. The sample is titled 
70o so that the incident electron beam comes in at an angle of 20o of the sample surface. 
Those scattered electrons that satisfy Bragg’s law are diffracted. The diffraction 
electrons are captured by the EBSD detector.  
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Misorientation between two pixels g1 and g2 is the transformation matrix between 
the two vectors, i.e. 
𝒈𝟐 = 𝒈𝟏𝑴                                                                                                                                             3-7 
The angle of misorientation θ is then calculated by: 
𝒄𝒐𝒔𝜽 = (𝑴𝟏𝟏 +𝑴𝟐𝟐+𝑴𝟑𝟑 − 𝟏)/𝟐                                                                                                        3-8 
The angle of misorientation is also known as the angle of rotation. Mismatch results 
in gradients of plastic strain which consequently leads to the formation of dislocations 
[101]. Such dislocations are known as ‘geometrically necessary dislocations’ (GNDs). 





                                                                                                                                                         3-9 
for small misorientation angles, where b is the magnitude of the Burgers vector 
(which represents the lattice distortion caused by the dislocation) and d is the spacing 
between dislocations in the mismatch region. As suggested by Equation 3-9, 
misorientation can be a representation of GNDs in the material [98, 103-106]. A 
detailed description of GNDs in poly-Si and a discussion of their relation with the grain 
average misorientation map can be found in Law’s PhD thesis [107].  
The grain average misorientation (GAM) map shows the misorientation gradients 
within the material by measuring the accumulated orientation changes relative to the 
average orientation within the grain. The general procedures of calculating the 
misorientations are as following [108]:  
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1. Identify the grains in the sample, locating grain boundaries and assigning each 
pixel to a grain (as shown in grain orientation map).  
2. Calculate the average orientation of the grain. The average orientation is used 
as reference.  
3. Calculate and map the misorientation between each pixel and the reference.  
The average misorientation map is calculated using the ESPRIT CrystAlign 
software in the EBSD system. Figure 3.11 shows a typical EBSD measurement of a 
poly-Si thin-film on glass. Two types of information are collected from the EBSD 
system in SERIS (Bruker CrystAlign 200, Germany) and are utilized in this thesis. The 
orientation of each grain is shown by the inverse pole figure (IPF-Z), for example the 
one shown in Figure 3.11a. The information of misorientation within each grain is 
shown by the grain misorientation map for example as the one shown in Figure 3.11b. 
In the measurement shown in the Figure 3.11, the average grain diameter is 7 µm, 
compared with the grain size of 1-2 µm for the baseline SPC poly-Si sample. The red 
colour in Figure 3.11b indicates that there is a large orientation change with respect to 
the average of the grain. Large amount of intra-grain misorientation also indicate large 
intra-grain lattice rotations and therefore large plastic deformations [108]. As shown in 
the figure, such change occurs more in the large grains towards the grain boundaries in 
the investigated SPC sample. The misorientation appears increasingly during plastic 




Figure 3.11: (a) Grain orientation map of a poly-Si sample. The legend in the insertion indicates the 
colour code for different orientations. (b) Grain average misorientation map. The red colour 
represent 5o misorientation and the blue colour represents 0o misorientation. 
 
By comparing the same location on the EBSD and the EBIC map, the electrical 
activities of the grains and the grain boundaries can be studied. The electrical activity 
of GNDs are studied in Chapter 6 of the thesis.  
3.3 Simulation of silicon thin-film solar cells on glass 
Simulation of solar cells includes two parts, optical simulation and electrical 
simulation. For thin-film solar cells, it is very important to ensure a good light trapping 
scheme in order to couple as much light as possible into the thin-film silicon absorber. 
In Section 3.3.1, the optical simulation method of random textured surface used in this 
thesis are introduced. The methodology for optical simulations of a-Si:H and poly-Si 
thin-film solar cells is basically the same, i.e. a main optical interface has to be 
introduced and characterised. On the other hand, as the nature of defects in the thin-
film materials (which significantly influences transport and recombination) are 
decisively different for a-Si:H and poly-Si, specific electrical simulation models have 
to be established in order to describe a-Si:H and poly-Si thin-film solar cells,. This is 
already reflected in the different device architecture used, i.e. a p-i-n configuration for 









various simulation models needed to consistently describe the electrical behaviour of 
a-Si:H and a poly-Si solar cell are explained in Section 3.3.2. 
3.3.1 Optical simulation 
Thin-film silicon solar cells can be viewed as multi-layer system and the thicknesses 
of most of these layers are in the range of the visible light wavelengths. Thus, coherence 
of light travelling in these layers must be considered. The transfer matrix method [109] 
for coherent light is used for optical simulation of thin optical stacks with planar 
interface.  
In thin-film silicon solar cells, which are around 2 μm for the poly-Si absorber and 
around 300 nm for the a-Si:H absorber, light trapping is important to enhance the 
absorption in the active material. For the textured samples used in this thesis, light 
trapping is achieved by random texturing of the front surface [73, 110]. In order to 
simulate the optical effects of textured interfaces, light is divided into two fractions 
[111]: specular portion and diffuse portion. Specularly reflected or transmitted light is 
treated coherently, whereas diffuse part is treated incoherently. The main parameters 
for the description of scattered light are the angular distribution function (ADF) and 
haze function. ADF is a heuristic function which describes the angle dependence of the 
scattered light. ADFs are also denoted as angular resolved scattering (ARS) in other 
literatures. The haze value HR/T is defined as the ratio between the diffuse and the total 
intensity, for both reflected and transmitted light [112].  
To simulate the optical generation of thin-film silicon solar cells on textured 
superstrate, appropriate haze parameters and ADFs are calculated from atomic force 
microscope (AFM) images of the textured interface using methods established in [16, 
72] and using the method derived by Domine el al. [113] from scalar scattering theory. 
For a textured surface ζ(x,y) (vertical height of the rough surface obtained from AFM 
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images), the phase change of transmitted light upon propagation through the rough 
surface is: 
∆𝝋 = 𝒄𝒐𝒏𝒔𝒕 +
𝟐𝝅
𝝀
𝜻(𝒙, 𝒚)(𝒏𝟏 − 𝒏𝟐)                                                                                                      3-10 
where λ is the wavelength and n1 and n2 are the refractive indices of the two 
materials. 
The radiance L(α,β), where α,β are the direction cosines, that is received from the 








𝒆𝒊𝒌𝜻(𝒙,𝒚)(𝒏𝟏−𝒏𝟐)𝒆𝒊∙𝒄𝒐𝒏𝒔𝒕}|                                                                                    3-11 
where As is the scattering surface, ℱ  represents the Fourier transform, ε is the 
dielectric constant, and k = 2π/λ. 
Finally, the two-dimensional distributed Angle resolved scattering (ARS), or ADF, 
can be calculated as [113]: 
𝑨𝑹𝑺 (𝝋, 𝜽) = 𝐜𝐨𝐬𝜽 ∙ 𝑳(𝜶, 𝜷)                                                                                                                3-12 




            𝐜𝐨𝐬 𝜽 = [𝟏 − 𝜶𝟐 − 𝜷𝟐]
𝟏
𝟐                                                                                             3-13 
Haze values are then derived from ADFs and the surface roughness of the textured 
surface through power spectrum density (PDS) equation. The PDS of a wave form is 
the square of the Fourier transform of the wave normalized over the area, for the 
calculation of PDS, please refer to Chapter 2 in Sahraei’s thesis [72]. The equations 
used to simulate haze and ADFs are [16, 72]: 
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ε1, ε2 are the dielectric constants of the two media, σtot is the total roughness, τcl is 
the autocorrelation length of the textured surface, Δθ is half of the opening angle of the 
haze measurement and λ is the wavelength. G(τcl) is a function that related to power 
spectrum density equation. A detailed description of the method can be found in [72]. 
Although the light distribution inside the silicon thin-film absorber is not 
experimentally accessible, light scattering of the textured surface into air can be 
measured. The method was therefore calibrated by comparing the simulated scattering 
properties to the ones measured in air. The calibrated parameters are then used to 
simulate haze and ADFs at the textured interface into silicon absorber in a Matlab 
program with the following procedure: 
1. AFM image of the texture surface is obtained 
2. ADFs at the textured superstrate/silicon absorber interface is generated 
3. Hazes at the textured superstrate/silicon absorber interface is calculated from 
AFM and ADFs  
4. ADFs at each wavelength is normalized 
To simulated textured interfaces in Silvaco-Atlas, a transfer matrix with a diffused 
interface model is used. In this particular model, hazes and ADFs are included as 
wavelength dependent functions.  
3.3.2 Electrical simulation  
In the electrical simulation of thin-film silicon solar cells, three basic types of 
equations [114], namely Poisson, continuity and carrier transport equations, are solved 
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numerically. The main recombination mechanism involved is the Shockley-Read-Hall 
(SRH) recombination. In a-Si:H thin-film solar cells, recombination happens through 
continuously distributed defects within the band gap. In poly-Si thin-film solar cells, 
the dominant recombination mechanisms are still under debate. However, strong 
evidence suggests recombination happens through dislocations and can be modelled by 
SRH recombination through a discrete energy level. General models for a-Si:H and 
poly-Si solar cells are presented in the following section. In addition to SRH 
recombination, other recombination models, including radiative and Auger models, 
used in this thesis are also presented at the end of the section.  
3.3.2.1 Overview of a-Si:H thin-film solar cell modelling 
The a-Si:H material possesses a short-range atomic order and the periodic (lattice) 
structure is not preserved over a longer distance. The short-range order of the atomic 
configuration is the same as in crystalline silicon. Amorphous silicon’s semiconductor 
properties are preserved by this short-range ordering. On the other hand, due to the lack 
of long-range order, properties such as band gap and absorption coefficient of a-Si:H 
are different from its counterpart. In a-Si:H, there is no defined band gap due to the 
existence of a distributed density of states. A mobility gap is defined as the range of 
energies where there are electronic states which are localized and have zero-mobility 
associated with them [115]. In amorphous silicon, the absorption coefficient is not only 
affected by the conduction and valence bands, but also by the band tails within the 
mobility band gap (see later paragraphs of this section). As a result, one can also define 
an optical gap of the amorphous layer, which is normally smaller than the mobility gap. 
The optical gap can be estimated from the absorption coefficient [115, 116] (Figure 
3.12). As seen from Figure 3.12, by extrapolating the absorption curve in region A, the 
optical gap of the a-Si:H layer can be extracted. Region A denotes the regime of band-




Figure 3.12: Typical curve for the absorption coefficient as a function of photon energy [115]. 
 
Amorphous silicon is described in this thesis as crystalline material with a 
distributed density of states in the forbidden band [31]. The distributed density of states 
in the band gap comprises bandtail states and midgap states (black line and red line 
respectively in Figure 3.13). Bandtail states are formed at the edge of the valence band 
and conduction band. These states result from the bond angle and bond length 
variations created by the disordered atomic arrangement. The states in the conduction 
bandtail are more likely to capture/ re-emit electrons into the conduction band. 
Likewise, the states in the valence bandtail are more likely to capture/re-emit holes into 
the valence band. The midgap states result from dangling bonds in the a-Si:H which 
are not passivated by hydrogen atoms. The dangling bonds can either be in a neutral, a 
positive or a negative state. When electrons are captured by dangling bonds, the defect 
state can either change from neutral to negative state or from positive to the neutral 
state.  
To model the recombination at these distributed defect densities, Shockley-Read-
Hall statistics are used. States at conduction and valence band edges are modelled by 




functions to represent donor-like localized states and acceptor-like localized states, 
respectively [117].  
 
Figure 3.13: Defect density distribution in a-Si:H simulated in Silvaco-Atlas.    
 
In Silvaco-Atlas, respective density of states are described using the following 
equations: 
𝒈𝑻𝑨(𝑬) = 𝐍𝐓𝐀𝒆𝒙𝒑 (
𝑬−𝑬𝒄
𝐖𝐓𝐀
)                                                                                                                      3-16 
𝒈𝑻𝑫(𝑬) = 𝐍𝐓𝐃𝒆𝒙𝒑 (−
𝑬−𝑬𝒗
𝐖𝐓𝐃
)                                                                                                                 3-17 





)                                                                                                          3-18 





)                                                                                                          3-19 
where subscriptions T and G denote the tail states and the dangling bonds states 
(Gaussian states), A and D denote acceptors or donors. NTA and NTD are the band edges 
intercept densities, NGA and NGD are the total densities of states. WTA, WTD, WGA and 
WGD are the characteristics decay energies for each state distribution respectively, EGA 
and EGD are the peak energy distributions.  



































3.3.2.2 Overview of poly-Si thin-film solar cell modelling 
In poly-Si thin-film, both grain boundaries and intra-grain defects can act as 
recombination sites. In a study of SPC poly-Si thin-film solar cells on glass, Wong 
identified that the dominant recombination pathway is in the base region [35, 118-121]. 
He suggested that recombination at dislocations in intra-grain regions is the most likely 
dominating recombination mechanism. One of the main supporting findings for this 
recombination mechanism is that there is no correlation between grain size and poly-
Si thin-film solar cells’ Voc over a large grain size range from 0.2 to 100 μm [122]. 
Consistently, in recent years, different characterisations were performed to determine 
the efficiency limiting defect types in poly-Si thin-film solar cells on glass [123-128]. 
Most of the findings suggest that dangling bond defects can be neglected after 
hydrogenation. Steffens et al. [129] used complementary characterisation methods, 
including electron spin resonance, photoluminescence and EBIC, to correlate the 
densities of dangling bond defects and intra-grain dislocations with the cells’ open-
circuit voltage. Their findings strongly suggest that for both small-grain SPC samples 
and large-grain LPC samples, the open-circuit voltage differences are explained by 
intra-grain defects, such as dislocations rather than grain boundary dangling bonds. In 
the study of LPC samples, various characterisation techniques concluded a much lower 
dislocation density compared to SPC samples.  
In view of these findings in poly-Si thin-film solar cells, in this thesis poly-Si thin-
film solar cells are simulated by assuming a defect density on a single discrete energy 
level as an effective medium approach. For poly-Si solar cell simulation, a 
homogeneous material is assumed for the bulk poly-Si layer. This assumption is 
justified by the fact that the grain size of poly-Si used in this thesis is comparable or 
larger than the thickness of the film. As a result, the poly-Si grains have a columnar 
structure and the minority carriers are transported parallel to the grain boundaries. 
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Therefore, in a first approximation, the minority carriers do not cross any grain 
boundaries. A similar approach was also used in Teodoreanu et al. [130] to simulate 
poly-Si thin-film silicon solar cells on glass, for both SPC and LPC fabricated samples. 
It was also found in [130] that the efficiency limiting defects are in the bulk of the 
absorber layer, by studying I-V measurements on poly-Si thin-film solar cells with 
different absorber doping concentrations.  
3.3.2.3 Overview of recombination models for silicon thin-film solar cells 
A) SRH recombination model via defects 
To account for semiconductor bulk recombination via defect-related energy levels 
within the band gap, the Shockley-Read-Hall (SRH) model [131] is used in the solar 
cell device simulations. In the SRH recombination scheme, impurities and other defects 
give rise to allowed energy levels within the otherwise forbidden gap. These energy 
levels will assist the recombination of charge carriers as shown in Figure 3.14, 
processes (a) and (b).  
 
Figure 3.14: Schematic sketch of the SRH recombination model. 
 























  and  𝜏𝑝0 ≡
1
𝜎𝑝𝜈𝑡ℎ𝐷𝑡
 . ni,eff is the intrinsic carrier density, Et is the 
energy level of the defect, and τn0 and τp0 are the bulk electron and hole lifetimes, 
respectively. σn and σp are the electron and hole capture cross-sections and Dt is the 
bulk defect density.  
The steady-state recombination rates via the distributed density of states (bandtail 
states and midgap states), are given by [132]: 
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𝑹 = 𝑹𝑻𝑨+𝑹𝑻𝑫+𝑹𝑮𝑨+𝑹𝑮𝑫                                                                                                                    3-25 
where gTA(E), gTD(E) are the density of states of the bandtail states , and gGA(E) and 
gGD(E) are the density of states of the midgap states, which are defined through 
equations 3-16 to 3-19. σ are the capture cross sections, the subscripts T and G denote 
the tail states and Gaussian states, respectively, the subscripts D and A denote the 
donor-like states and acceptor-like states, respectively, and the subscripts E and H 
denote the electrons and holes, respectively. 
B) Radiative, Auger and surface recombination models 
Thin-film silicon material is generally considered to be very defective and thus the 
dominant recombination process is described by the SRH model. Besides SRH 
recombination, other recombination mechanisms are also accounted for in the 




𝑹𝑹𝒂𝒅𝒊𝒂𝒕𝒊𝒗𝒆 = 𝑩(𝒑𝒏 − 𝒏𝒊,𝒆𝒇𝒇
𝟐 )                                                                                                                 3-26 
where B is the coefficient for radiative recombination in silicon and the value is 9.5×10-
15 cm3s-1 at 300 K in Silvaco-Atlas. 
Auger recombination is an intrinsic recombination mechanism. The Auger 
recombination model used in this thesis is based on [133]: 
𝑱𝑨𝒖𝒈𝒆𝒓 = 𝒒𝑾(𝑪𝒏𝒏 + 𝑪𝒑𝒑)(𝒑𝒏 − 𝒏𝒊,𝒆𝒇𝒇
𝟐 )                                                                                             3-27 
where Cn and Cp are the Auger coefficients and are 2.8×10-31 cm6s-1 and 9.9×10-32 cm6s-
1. Since Auger recombination is not the dominant recombination mechanism in thin-
film silicon devices, injection dependent Auger coefficients are not considered in this 
thesis. 
Surface recombination is calculated as SRH recombination at the silicon surface. 
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Chapter 4 Advanced simulation models for silicon thin-
film solar cells 
 
In this chapter, the developments and calibrations of the simulation models of thin-
film a-Si:H and poly-Si solar cells (baseline) are presented. Accurate optical and 
electrical models are required in order to reliably study the solar cell behaviours. First, 
the optical simulations are performed for planar as well as textured superstrate, and 
are calibrated using measured reflection spectra. To simulate the thin-film silicon solar 
cell on textured superstrate, an advance scattering model is implemented. Next, with 
the generation profiles from optical simulations as input, the electrical properties of 
the thin-film a-Si:H and poly-Si silicon solar cells are calibrated simultaneously using 
measured light I-V characteristics and quantum efficiency measurements. Using the 
calibrated model of the a-Si:H thin-film solar cells, current collection losses in the 
window layer of the a-Si:H thin-film solar cell are quantified. Regarding homojunction 
poly-Si thin-film solar cells, the effective bulk defect density of the absorber is extracted 
using the calibrated baseline poly-Si solar cell model. The calibrated models are used 
in the subsequent chapters for the study of the front surface excess charge 
collectors.1,2,3 
  
                                                     
1  The main results of this chapter have been published in the following journal papers: IEEE 
Journal of Photovoltaics 5, pp. 137-144 (2015) and Journal of Applied Physics 117, 
p. 245701, 2015. 
2  The poly-Si thin-film solar cells used as “baseline” for numerical calibration in this chapter 
were processed in collaboration with the author’s former group members A. Kumar. 
3  The a-Si:H thin-film solar cells used as “baseline” for numerical calibration in this chapter 
were processed by the author’s former group member N. Sahraei in collaboration with the 





Simulations are powerful aids in the study of thin-film silicon solar cells. They can, 
for example, be applied for understanding the recombination paths [23, 121, 130, 134, 
135] in the material stacks, designing or optimizing the devices, and supporting 
experimental studies [22, 117, 130, 136]. Typical silicon thin-film solar cells contain 
4-10 layers of different materials grown on either planar or textured superstrates. In 
this study the specific solar cells are thin-film a-Si:H solar cells on planar and textured 
superstrates and thin-film poly-Si solar cells on planar superstrates. In order to reliably 
predict the behaviour of theses solar cells, accurate optical and electrical simulation 
models are needed. Accurate thin-film solar cell modelling is challenging, for various 
reasons. Two of the main challenges are illustrated in the following.  
One of the challenges for the simulation of thin-film solar cells is to optically model 
the textured interfaces accurately [136, 137]. The generation profile within the thin-
film stacks is not directly accessible through experiment. Previously, Sahraei et al. [16] 
developed a model to extract the most important optical parameters of a textured 
interface (the amount of scattered light, i.e. the haze, and the angular distribution of the 
scattered light, i.e. angular distribution function (ADF)) from atomic force microscope 
(AFM) images of the textured surface. This methodology was already described in 
some detail in Section 3.3.1. The method still needs to be combined with a conventional 
numerical device simulator like Silvaco-Atlas to calculate the impact of random 
texturing on the efficiency of a thin-film silicon solar cell on textured superstrate. This 
combination was a major part of the technical work conducted in the course of this 
thesis. The successful combination of the different simulation approaches allowed to 
perform in-depth studies of a-Si:H and poly-Si thin-film solar cells. Details about the 
developed methods, as well as some simulation results, are presented in this chapter. 
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The other challenge is that, for silicon thin-film solar cells, there is no 
comprehensive set of standard parameters for modelling a particular solar cell. Only a 
few parameters can be determined directly from experiments (e.g., the band gap of a-
Si:H, which can be determined by temperature dependent dark I-V measurements, 
assuming a spatially uniform defect distribution [138]). Although some other 
parameters (e.g., defect densities and capture cross sections of the silicon thin-film 
material) can be determined experimentally, the accuracy is not yet sufficient for 
meaningful theoretical predictions [139]. It is possible to study material properties such 
as dislocations or crystallinity, for instance by using TEM or Raman or FTIR. But, 
unfortunately, the direct correlation of the simulation input parameters (for example 
defect densities) to the correspondingly measured material parameters (Raman or FTIR 
spectra) is still not completely understood. Furthermore, electrical properties of silicon 
thin-film layers, such as mobility and lifetime, are not at all easily accessible 
experimentally. The usual way to obtain these parameters is by fitting the measured 
solar cell characteristics via computer simulation. In this thesis, a simultaneous fit of 
current-voltage (I-V) measurements and external quantum efficiency (EQE) 
measurements is performed. Both optical and electrical effects are included in the 
simulation. The models were used to reproduce characteristics of in-house fabricated 
solar cells on planar and textured superstrates. Using the calibrated simulation baseline 
parameters, additional information such as the photon absorption in each layer or the 
excess charge carrier collection efficiency in the thin-film stack is accessible. In 
addition, parameters such as effective bulk defect densities can be obtained to describe 
and predict the electrical behaviour of thin-film silicon solar cells. This additional 
information cannot be obtained by experimental measurements.  
In Section 4.2, optical simulations of planar and textured samples are presented and 
verified. Agreement between measured and simulated results was obtained for the 
short-wavelength range, corresponding to the front surface absorption region, which is 
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the region of interest in this thesis. A generation profile for each solar cell was then 
obtained. Together with suitable electrical parameters, these generation profiles are the 
input parameters for the electrical simulations of the silicon thin-film solar cells (in 
Section 4.3). It should be noted that, due to the lack of experimental data of textured 
surfaces for poly-Si solar cells, the optical calibration of poly-Si samples is only 
performed for planar superstrates. An extension of the optical model towards textured 
glass was shown by Huang [74], however no corresponding poly-Si solar cells were 
fabricated on these superstrates.  
Electrical simulations are separated into two parts, for a-Si:H and poly-Si thin-film 
solar cells respectively. In Section 4.3.1, electrical simulations of a-Si:H thin-film solar 
cells are presented and calibrated using measured I-V and EQE data. For a-Si:H solar 
cells, a one-dimensional (1D) electrical analysis of the device is sufficient, as the 
current transport within the cell is essentially 1D - one full-area contact covers the front 
side and another the rear side, see Figure 4.1a. Using the simulation model established 
in this work, losses in the window layer of a-Si:H solar cells are calculated at the end 
of the section. The samples used in this part were processed and characterized by the 
author’s former group member N. Sahraei in collaboration with the Photovoltaic 
Competence Centre Berlin (thin-film and nano-technology), PVcomB, Berlin, 
Germany. 
In Section 4.3.2, electrical simulations of poly-Si thin-film solar cells are presented 
and calibrated using measured I-V and EQE data. A 2D interdigitated model for poly-
Si thin-film solar cells was used to approximate the contacting scheme for the 
processed poly-Si solar cells, which is essentially three-dimensional (see Figure 
4.1(b)). The simulation results (I-V and EQE) are subsequently calibrated using the 
corresponding measurements. With this calibration procedure, the effective defect 
density of the baseline poly-Si thin-film absorber used in this thesis is extracted at the 
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end of the section. The poly-Si thin-film diodes used in this part were deposited by the 
author’s former group member A. Kumar, and metallised and characterized by the 
author.  
 
Figure 4.1: Schematic sketches of the baseline solar cell structures investigated. (a) a-Si:H thin-film 
solar cell; (b) poly-Si thin-film solar cell.  
 
4.2 Optical simulation of silicon thin-film solar cells 
The optical simulations of silicon thin-film solar cells using Silvaco-Atlas include 
two parts. First, photon absorption in thin-film silicon solar cells on planar superstrates 
were simulated using an elementary transfer matrix method (TMM) calculation 
implemented in Silvaco-Atlas. The method is compared with a more general solution 
obtained from TMM implemented in Matlab ([140], referred to as TMM-Matlab in the 
following); and with corresponding simulations using the Advanced Semiconductor 
Analysis (ASA) simulator ([141], presently the most commonly used 1D simulation 
programme for thin-film silicon solar cells). In order to reproduce the results from 
TMM-Matlab and ASA, contacts as well as the front-side TCO have to be modelled in 
a specific configuration in Silvaco-Atlas (as shown in Figure 4.2 and explained further 
in Section 4.2.1). Using the specific configuration, the simulated reflections of the a-




measured reflectance curves. Layer thicknesses of each simulated stack are extracted 
from this calibration.  
In the second part, the surface texture is considered by modelling the main optical 
interface between the front textured TCO and the thin-film silicon layer stack 
comprising the solar cell. The interface is modelled by specifying a suitable haze (total 
scattering into the cell) as well as the angular dependent scattering into the cell (ADF), 
taking an AFM image of the textured TCO on planar glass as input. Applying the 
methodology of Sahraei et al. [12], the author showed that the simulated reflection 
curve for the solar cell on a textured superstrate reproduces the measured results with 
high accuracy, except for the portion of light that is absorbed near the rear surface. 
4.2.1 Planar thin-film silicon solar cells 
The optical simulation results from Silvaco-Atlas using a planar superstrate were 
compared to corresponding analytical solutions obtained from a general transfer matrix 
approach using TMM-Matlab [14] and to optical simulations using ASA. The purpose 
of this step is to verify the accuracy of the optical simulation model for planar thin-film 
solar cells using Silvaco-Atlas. The test structure used for this comparison is shown in 
Figure 4.2, with the corresponding layer thicknesses stated. The calculated photon 





Figure 4.2: Planar a-Si:H thin-film solar cell structure used for the comparison of the optical 
generation as computed by Silvaco-Atlas, transfer-matrix (TMM-Matlab) and ASA. The vertical 
contacts are added to align the optical calculation in Silvaco with the other methods. In the real 
electrical simulations undertaken in this thesis, full area contacts are placed horizontally at the 
TCO/p-μcSi and n-μcSi/TCO interfaces, respectively.  
 
One important aspect concerns the treatment of TCO, which is aluminium-doped 
zinc oxide (AZO) in this case. In Silvaco-Atlas, this conductive degenerated 
semiconductor layer can either be defined as a conductor or as a semiconductor. The 
corresponding optical simulation results differ significantly if AZO is modelled as a 
conductive boundary or as a semiconductor in Silvaco-Atlas, see Figure 4.3 (compare 
the red line with the orange line). It is found that the parasitic absorption in the AZO 
film is higher if it is treated as a conductor in the optical simulation. Consequently, 
there is less current generation in the active solar cell material. On the other hand, if 
AZO is treated as a semiconductor and vertical contacts are placed at the side of the 
stack, as shown in Figure 4.2, the optical simulation results from Silvaco-Atlas agree 
well with the analytical calculation and the ASA simulation. 
Therefore, the optical simulation model shown in Figure 4.2 was adapted in silicon 
thin-film optical simulations in Silvaco-Atlas to obtain the photo-generation profile. 
The AZO was modelled explicitly as a semiconductor layer and not as a conductive 
boundary. Vertical contacts were placed at the side of the stack as shown in Figure 4.2 
for optical simulation, when AZO is treated as a semiconductor. In the electrical 
simulations, the contacts were then placed horizontally at the interfaces between the 




Figure 4.3: Comparison of light absorption in each layer of a silicon thin-film stack using transfer 
matrix methodology implemented in three different simulation programmes (Silvaco-Atlas, TMM-
Matlab, ASA). Calculations using TMM-Matlab coincide with the results from ASA. The 
comparison shows that AZO in Silvaco-Atlas should be treated as an semiconductor. Contact are 
placed as shown in Figure 4.2. Silvaco can reproduce calculation from ASA apart from some 
oscillations, which are caused by treating glass as coherent medium in Silvaco-Atlas. 
 
It is also noticed from Figure 4.3 that the simulation results from Silvaco-Atlas 
contain interference fringes, which is not the case for those from ASA and TMM-
Matlab. The fringes are caused by treating the 1.1 mm thick glass as a coherent medium 
in Silvaco-Atlas. Theses artificial fringes can be cancelled out by changing the glass 
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calibrated model, optical simulation of silicon thin-film solar cells on planar 
superstrates are calibrated towards measured reflectance in the following sections. 
4.2.1.1 Planar a-Si:H thin-film silicon solar cells 
After the validation of the optical calculations in Silvaco-Atlas, the simulated 
reflection of the thin-film stack is compared to measurements for a-Si:H thin-film solar 
cells. It should be noted that the transfer matrix calculations in Silvaco-Atlas cannot 
treat the glass pane as an incoherent layer. As a result, high-frequency oscillations 
underlie the calculated curves. Changing the glass thickness within a small coherent 
thickness range and then taking the average absorption profile can eliminate the fringes 
effect. The resulting curve is shown in Figure 4.4b, with glass thickness changed within 
±0.01 mm range. Good fits to the measured results were obtained, for wavelengths up 
to 650 nm. Each layer thickness was adjusted to fit the reflection curve on a planar 
superstrate, as shown in Figure 4.4a. Once the layer thicknesses were verified for planar 
samples, the same thicknesses were adopted later for the simulations of textured 
samples. 
 
Figure 4.4: (a) Structure of the a-Si:H single-junction solar cell (relevant for optical simulations). 
(b) Reflectance (measured and simulated), using a planar superstrate. Measurements are shown as 
black squares, the simulation results are shown as a red line.  
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4.2.1.2 Planar poly-Si thin-film silicon solar cells 
In the simulation of poly-Si thin-film solar cells on glass (3.3 mm thick), the layer 
stack consists of glass/SiNx/poly-Si/SiO2/aluminium, as shown in Figure 4.5a. The 
optical parameters used for poly-Si were assumed to be equal to those of 
monocrystalline silicon [142]. The refractive indices for silicon nitride and silicon 
oxide were taken from [143] and [144], respectively. The rear aluminium film was 
treated as a perfect reflector. The simulated reflectance from ASA and the experimental 
result are shown in Figure 4.5b. In the simulation, the glass pane was treated as an 
incoherent medium. Strong interference effects were observed on poly-Si sample due 
to light coherence at the flat interfaces. In the simulation, each layer in the poly-Si stack 
was assumed to be flat. In contrast, in the measured poly-Si sample, these layers are 
not perfectly flat, i.e., their thicknesses vary slightly within the measurement spot (> 
1 cm2). As a result, the simulation results contain larger fringes than the measurements. 
The differences between simulated and measured curves at long wavelengths are due 
to rear surface parasitic absorption in the metal [145], which is not included in this 
simulation model. On the other hand, the absorption in the metal does not affect the 
calibration of the electrical properties of the poly-Si thin-film in the subsequent section, 
therefore is not further investigated in this thesis. The layer thicknesses shown in Figure 
4.5a were obtained from fitting the oscillation peaks.  
 
Figure 4.5: (a) Structure of the poly-Si thin-film solar cell (relevant for optical simulation). (b) 
Reflectance (measured and simulated) on planar superstrate samples. Measurements are shown as 
black squares and the simulation results are shown as a red line (results from ASA, whereby the 
glass pane is treated as an incoherent medium).   
(a) (b) 






















4.2.2 Textured a-Si:H thin-film solar cells 
As discussed in Section 3.3.1, when light passes through a textured interface, it can 
be separated into a specular part and a diffuse part for both reflected and transmitted 
light. While absorption of specular light is usually calculated using the transfer matrix 
method, absorption of diffuse light is calculated using ray tracing in Silvaco-Atlas 
[132]. In order to validate the ray tracing model as implemented in Silvaco-Atlas, the 
generation profile from the ray tracing model in Silvaco-Atlas was compared to the 
results obtain from PC1D [146], which is a commonly used simulation programme for 
silicon wafer based solar cells with planar or pyramid-textured surfaces. It can be seen 
from Figure 4.6 that ray tracing in Atlas also agrees with the PC1D analytical solution 
for the whole simulated range of interest.  
 
Figure 4.6: Comparison of optical generation rate in bulk silicon thin-film stack using optical 
simulation in PC1D (red dashed line) and ray tracing in Atlas (black line). 
 
For the simulation of the a-Si:H thin-film solar cell on a textured superstrate, ray 
tracing is performed for the diffused portion of light by specifying light scattering at 
the main optical interface between the front-side AZO and the p-doped μc-Si:H 
window layer (see Figure 4.7). The textured features were simulated by considering 
calculated haze values and calculated angular dependent scattering (described by the 
Angular Distribution Function, ADF) at the optical interface. These optical parameters 
for the textured features were calculated using the novel model recently developed by 
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Sahraei et al. [16] (as briefly described in Section 3.3.1), taking a measured atomic 
force microscope (AFM) image of the textured AZO surface as an input parameter, 
calibrating the scattering behaviour against measured haze and angular dependent 
scattering into air and calculating scattering into thin-film silicon accordingly. The 
calculation steps are briefly illustrated in Figure 4.7 [16]. From the AFM image of the 
textured AZO surface (Figure 4.7a), angular resolved scattering (ARS) values and haze 
values were derived and verified against measured ARS (Figure 4.7b) and haze (Figure 
4.7c) at the air/textured AZO interface [16]. These parameters were then used to 
calculate the angular distribution function (ADF) (Figure 4.7d) and haze (Figure 4.7e), 
describing scattering into the p-μc-Si: H window layer, i.e. at the thin-film 
silicon/textured AZO interface. The obtained ADF and haze values were used as input 
parameters to describe the textured surface in Silvaco-Atlas.  
 
Figure 4.7: (a) AFM scan of the textured AZO on glass surface with surface roughness rms = 43 nm 
[16]. (b) Simulated angular resolved scattering (ARS) compared to measurements against air [16]. 
(c) Simulated haze compared to measurements against air [16]. (d) Simulated wavelength dependent 
angular distributed function (ADF) into p-μc-Si, shown here for one wavelength (620 nm). (e) 
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The other interfaces in the a-Si:H stack were assumed to be planar in the simulation 
for simplification, because light scattering at the first textured surface seen by the 
incoming light is the most significant. The layer thickness is the same as that used for 
the planar sample. There is no direct method to evaluate the accuracy of haze and ADF 
at the interface between AZO and p-μc-Si. The resulting reflectance curve was 
compared to the measurements.  
 
Figure 4.8: (a) Sketch of the simulated structure for solar cells on textured superstrate in Silvaco-
Atlas. The interface between TCO/p-μc-Si:H is described by haze and ADF derived from textured 
surface AFM image. (b) Reflectance of a-Si:H solar cell on textured TCO coated glass superstrate. 
Measurements are shown as black squares and the simulation results as a red line. The discrepancy 
in the long-wavelength range might be due to the flat rear surface assumption or an inaccurate 
estimation of the rear surface optical constants. See text for more information.  
 
As can be seen from Figure 4.8, good agreement is obtained between the simulated 
and measured reflectance for wavelengths below 600 nm. The discrepancy above 600 
nm is typically observed in optical a-Si:H or μc-Si:H solar cell simulations [136, 137, 
147]. The discrepancy might due to the inaccurate determination of the optical 
constants for the rear surface n-doped μc-Si:H [147], in which light with wavelength 
above 600 nm is mostly absorbed. Another possible cause if that the rear surface 
between silicon and rear AZO is not flat as assumed [137]. Nevertheless, photon 
absorption within the first layers of the thin-film solar cell (the focus area of this thesis) 
can be described quite well, i.e. including its angular dependent and wavelength 
dependent behaviour (which is important for an accurate simulation of EQE in the 
subsequent sections). 
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The photon absorption in each layer is then obtained through integration of the 
generation profile, as shown in Figure 4.9. As can be seen, for wavelengths above 
650 nm, the n-layer contributes significantly to the total absorption.   
 
Figure 4.9: Simulated absorption in each layer of a-Si:H solar cell on textured superstrate.  
 
 
In summary, Section 4.2 presents systematic calibrations of the optical simulation 
for silicon thin-film solar cells. This step constitutes the basis to simulate thin-film 
silicon solar cell devices. Simulation of textured surfaces was validated against 
measurements (i.e. haze and angular dependent scattering into air) for a-Si:H thin-film 
solar cells. Absorption in each layer of the silicon thin-film stack is now accessible 
through simulation. As mentioned before, poly-Si thin-film solar cells on textured 
superstrates were not used in this thesis. However, the developed optical simulation 
models can also be applied to this kind of solar cell. The resulting generation profiles 
obtained from optical simulation of a-Si:H and poly-Si thin-film solar cells are used as 
one of the key input parameters for electrical simulations of illuminated solar cells, as 
demonstrated in the next section.  
 
 





































4.3 Electrical simulations of silicon thin-film solar cells 
4.3.1 Electrical simulations of a-Si:H thin-film solar cells 
In this section, a calibration of the input parameters for the electrical simulation of 
a-Si:H thin-film solar cells (fitting the measured solar cell I-V and EQE) is presented. 
Generation profiles, previously calculated using the calibrated optical simulations, are 
used as input for electrical simulations. Layer thickness is based on the fitting of 
reflectance curves for the planar samples using the transfer matrix method.  
4.3.1.1 Simulation model  
In a-Si:H thin-film stacks, properties of each layer can be very different. For 
instance in the baseline a-Si:H thin-film solar cells investigated in this thesis, the doped 
layers are in a microcrystalline phase whereas the intrinsic absorber is in an amorphous 
phase. Consequently, in the simulation model of this thesis these layers are simulated 
using different sets of parameters. The band gap for each layer was first estimated from 
the input absorption coefficients1, taking the photon energy at which the absorption 
coefficient is 103 as a reference (E03 as shown in Section 3.3.2.1). As described in 
Section 3.3.2.1 [148], this is not the real band gap of the material. The actual mobility 
band gaps used in the simulation were fine-tuned, based on these references band gap 
values, to match the experimental I-V curves.  
Other band parameters, like the characteristic decay energy (WTA, WTD, WGA and 
WGD), were taken from the literature [134, 136, 149]. Mobilities, densities of states at 
the conduction and valence band edge (NTA, NTD), Gaussian dangling bond densities 
(NGA, NGD) and capture cross sections (σ) were fitting parameters in order to 
                                                     
1 Theses absorption coefficients were provided by the Photovoltaic Competence Centre Berlin 




simultaneously fit the measured I-V and EQE curves. The capture cross section was set 
to have a fixed ratio of 10 between the charged and neutral states according to [149]. 
Both defect densities and capture cross sections relate to the recombination rate of the 
material, as follows:  
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It was found that the influence stemming from dangling bond states of the p-doped 
window layer is more prominent compared to the corresponding influence stemming 
from tail states. Figure 4.10 shows the influences of integrated dangling bond defect 
densities and capture cross sections within the p-doped window layer of the solar cell, 
on the simulated I-V and EQE curves of the planar a-Si:H thin-film solar cells. With 
an increasing capture cross section in the p-doped window layer, the blue response of 
the cell decreases. This is associated with a slight open-circuit voltage decrease. 
However, with an increasing defect density, a severe decrease in jsc, Voc and fill factor 




Figure 4.10: Simulated influence of dangling bond recombination within the p-doped window layer 
of thin-film a-Si:H solar cells (planar superstrate) on the I-V and EQE curves of the cell. (a) influence 
of capture cross sections on I-V curve, (b) influence of capture cross sections on EQE, (c) influence 
of Gaussian dangling bond defects (integrated) on I-V curve. I-V and EQE (not shown) are strongly 
reduced if the dangling bond defect density increases only by a factor of 5. 
 
A simultaneous fit to the measured I-V and EQE curves of the thin-film solar cell 
enables therefore a reliable determination of the underlying electrical input parameters. 
With a set of initial input parameters, the resulting EQE and I-V were compared to the 
measured ones. The parameters were then adjusted to better fit the EQE and IV. This 
procedure was done iteratively until the relative difference between the simulated 
results and the measured ones, for instance short-circuit current density, was below 1%. 
There is a mismatch between the short-circuit current calculated from the measured 
EQE and the one directly measured by the I-V characteristics. The short-circuit current 
obtained from the EQE is slightly higher than the one measured by I-V. One main 
reason for this discrepancy is the spectral mismatch of a sun simulator in I-V 
measurement and the standard AM1.5g spectrum[150]. Therefore in this study, the goal 
(a) (b) 
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of the simulation was to match the current obtained from the EQE as closely as 
possible, which is considered to be more accurate[136].   
 
4.3.1.2 Calibration and discussions 
Figure 4.11 illustrates the quality of the finally achieved simultaneous fitting, 
considering a planar as well as a textured superstrate, and fitting towards measured I-
V as well as towards measured EQE curves. There is a good agreement between the 
simulated and measured I-V and EQE curves of the a-Si:H solar cell, for both planar 
and textured superstrates. The red lines of Figure 4.11 indicate the simulation results 





Figure 4.11: Experimental (black squares) and simulated (red lines) results of (a,c) I-V and (b,d) 
EQE for a-Si:H thin-film silicon solar cell on planar (a,b) and textured (c,d) glass. The calculated 
EQE for the planar case agrees with the measured results with an R2 ≥ 0.9. For this R2, the difference 
in short-circuit current density (jsc) between experimental value and simulated value is 0.4 mA/cm2, 
corresponding to 3% relative difference. To obtain comparable results for the I-V characteristics on 
textured glass (c) a contact resistance of 1.2 Ωcm2 is added to the current-voltage simulation. jsc 
difference on textured superstrate between simulation and experimental results is 0.2 mA/cm2 (1% 
relative), with an R2 >0.92. 
 
A coefficient of determination (R2) is used to evaluate the accuracy of the fits 
(describing how well the simulation model reproduces the experimental results). R2 
close to 1 indicates a good fitting, R2 close to 0 indicates large differences between 
simulated and experimental results. For planar samples, it was found that for a 
coefficient of determination (R2) larger than 0.9 between simulated and measured EQE, 
the difference in short-circuit current density is approximately 0.4 mA/cm2 (3% relative 
difference). For the textured sample, the short-circuit current density difference is 
0.2 A/cm2 (1% relative difference) for R2 larger than 0.92. The mismatch of EQE 
between 550  to 800 nm might be due to inaccurate optical data for n-μc-Si:H and back 
surface Ag used in the simulation as discussed previously. In addition, it can also be 
(a) (b) 
(c) (d) 




































































































due to the assumption of the planar rear metal surface (similar to that discussed in 
Section 4.2.2). The largest deviations occur in the near-band gap wavelength region 
where the impact of the rear surface starts to be significant. Similar numerical 
discrepancies are also observed in other reported quantum efficiency simulations, for 
example in [117, 147]. 
The baseline parameters used to simulate the p-i-n a-Si:H thin-film solar cells are 
shown in Table 4-1. It is noted that the activation energies for p-doped and n-doped μc-
Si:H were estimated to be 0.32 eV and 0.23 eV, respectively. The fitted capture cross 
section for mid-gap defects is one order of magnitude larger than that reported in the 
literature [136, 149]. The discrepancy can be attributed to possible defect rich interface 












Table 4-1: Simulation parameters used to simulate in-house fabricated a-Si:H thin-film solar cells 
on a planar (textured) superstrate. The data in brackets correspond to simulations using a textured 
superstrate.  
  p-μc-Si:H p-μc-SiOx i-a-Si:H n-μc-Si:H 
Layer thickness [nm] 5 18 (20) 237.4 38.1 
Band Parameters 













ε, χ 7.2,4 [149] 7.2,4 [149] 11.9,4.15 [136] 
11.9, 
4.15 
     
Activation energy [eV] 0.32 0.32 0.65 0.23 





























































































*Subscript notation: T: tail; G: Gaussian; A: acceptor; D: donor; E: electron; H: holes 
 
A corresponding graphical representation of the fitted defect distributions in each 
layer is shown in Figure 4.12. The dangling bond defects are more prominent in the 




Figure 4.12: Graphical representation of the bulk defect density distributions in each layer of the 
textured a-Si:H thin-film solar cell. (a) p-μc-Si:H layer, (b) p-μc-SiOx layer, (c) i-a-Si:H layer, and 
(d) n-μc-Si:H layer.  
 
Experimental results (Table 4-2) show that, using the same process parameters, p-
i-n cells on textured glass have almost 30 mV higher open-circuit voltage than cells 
processed on planar glass. This suggests a change in the material properties when the 
process is transferred from planar superstrate (glass with planar TCO) to a textured 
superstrate (glass with textured TCO). To account for this increment, some material 
parameters, including band gaps and mobilities, were slightly modified in the 
simulation model of textured samples. The thickness of the p-μc-SiOx layer was 
increased by 2 nm to get better I-V and EQE fitting for textured sample, whereas the 
change in the resulting reflectance curve is negligible. These values are shown in 
brackets in Table 4-1. In addition, a contact resistance of 1.2 Ωcm2 was added to the 
simulation of the current-voltage behaviour of the textured cells in order to match the 
short-circuit current. 
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(a)                       p- μc-Si:H (b)                       p- μc-SiOx:H 
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Table 4-2: Comparison of simulations and experimental results for p-i-n a-Si:H thin-film solar cells. 
  jsc [mA/cm2] Voc [V] FF [%] Eff [%] 
Planar 
Experiment 12.5 0.89 74.8 8.3 
Simulated 12.8 0.89 76.7 8.7 
Textured 
Experiment 14.2 0.92 71.8 9.4 
Simulated 14.4 0.92 73.9 9.7 
 
A comparison of the simulated and measured electrical I-V parameters of p-i-n a-
Si:H thin-film solar cells is given in Table 4-2. The higher fill factor in the simulation 
might be a result of neglecting the shunt resistance and laterally non-homogenous 
growth of a-Si:H stack. The model is used as a baseline to study the impact of the 
window layer properties on the efficiency of solar cells in the next section.  
4.3.1.3 Estimation of current loss in the baseline p-μc-SiOx window layer  
To estimate the current loss in the window layer, photon absorption in the layer and 
its corresponding excess carrier collection efficiency within the solar cell were 
calculated using the calibrated model. Figure 4.13a shows the absorption in each layer 
of the baseline a-Si:H sample on a textured superstrate. By integrating the generation 
profile in the window layer, a photon absorption corresponding to a photogenerated 
current density of 1.4 mA/cm2 was found within the front p-μc-SiOx window layer. 
This corresponds to around 10% of the short-circuit current density (14.4 mA/cm2) for 
the textured baseline cell. Figure 4.13b shows the collection efficiency as a function of 
depth of the a-Si:H thin-film stack. As can be seen, the collection efficiency decreases 




Figure 4.13: (a) Calculated absorptance in each layer of the baseline a-Si:H thin-film solar cell on a 
textured superstrate. (b) Calculated collection efficiency (the dashed vertical lines indicate the 
various layers of the thin-film stack, i.e. the p-μc-Si:H contact layer, the p-μc-SiOx window layer, 
the i-a-Si:H absorber layer and the n-μc-Si:H contact layer).  
 
The average collection efficiency in the p-doped window layer is 22%. This 
corresponds to only 0.3 mA/cm2 of short-circuit current being collected from the first 
20 nm of solar cell material (window layer) seen by the incoming photons. This shows 
that there is a huge discrepancy between the optical absorption and the electrical 
generation in the window layer, i.e. the window layer is basically an “electrically dead” 
layer. 
4.3.2 Electrical simulations of poly-Si thin-film solar cells 
In this section, the electrical simulation model for poly-Si thin-film solar cells is 
calibrated using measured I-V and EQE data. The layer thicknesses are obtained from 
the previous optical simulations. In contrast to the a-Si:H, poly-Si is not as defective 
and most of its parameters resemble those of crystalline silicon.  
The poly-Si thin-film solar cells fabricated in-house use an inter-digitated back 
surface contact which constitutes an intrinsically 3-dimensional (3D) device 
architecture. However, in order to reduce computation time, in this work a 2D model 
is established which approximates the full 3D geometry. The simulated results using 
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this approximation are compared to experimental results and the comparison is 
discussed.   
4.3.2.1 Simulation model  
The baseline 2D model for poly-Si thin-film solar cells on glass with an 
interdigitated metallisation pattern was implemented in Silvaco-Atlas. It is 
schematically shown in Figure 4.14c. Instead of assuming point contacts to the p+ poly-
Si back surface field (BSF) layer (Figure 4.14a), as in the real device, stripe contacts 
were assumed, see Figure 4.14b for the plan-view and Figure 4.14c for the cross-
sectional view. This essentially reduces the simulation from a 3D problem to a 2D 
problem. It was assumed that the main loss mechanisms in the third dimension (i.e., 
along the metal fingers) are losses due to the series resistance. These resistance losses 
can be calculated using a lumped series resistance approach [151, 152].  
 
Figure 4.14: (a) Schematic sketch of the plan-view of the actual metallisation pattern (view from the 
rear). The area underneath each dark circle (Ap) represents a point contact (back surface contact) 
where aluminium is in contact with the p+ poly-Si hole collection layer (BSF layer). Grey areas 
represent the portion where metal is on top of SiO2 which serves as the back surface reflector. The 
right most area indicates one half of one emitter finger (wm) which is in contact with an exposed 
sidewall of the n+ poly-Si layer. The parallelogram indicates the unit area (Af) used to calculate the 
metallised fraction. wf is half the width of the active poly-Si material. (b) Plan-view of the simulated 
line contact. The same colour codes as in (a) are applied. wp is the width of the simulated back surface 
contact according to equation 4-1. The area of the active poly-Si material is the same (wf) in (a) and 
(b). (c) Schematic cross-sectional view of the simulated solar cell structure.  
 
To keep the metallisation fraction constant, the width wp of the SiO2 openings in the 
model was chosen so that 
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In this equation, Ap is the area of a point contact, Af is the size of the unit area in the 
actual cell geometry (see Figure 4.14 (a)), and wf is the half width of the active poly-Si 
material in the model. To account for the area where poly-Si was removed and the front 
emitter finger was deposited, half of the emitter finger (wm) was included in the 
simulated structure. Compared to a 3D model, the 2D model maintains the metallisation 
fraction but changes the solar cell geometry. One consequence is that the average path 
for the majority carriers (holes) to reach the rear contacts is longer than in the actual 
3D structure, while the path for minority carriers (electrons) remains the same. Since 
the dominant recombination happens in the p-type absorber, this simplified structure 
does not significantly affect the recombination rate. However, the simplified model 
overestimates the lateral resistance in the back surface field.  
Several studies proposed that, with well-passivated grains, the poly-Si solar cell 
efficiency is dominated by intragrain defects and that in this case the diffusion length 
of the bulk absorber can be used to approximate the cell properties [119, 153, 154], as 
also discussed in Section 3.3.2.2. In addition, the grain size of the investigated poly-Si 
on glass solar cells is around 1 to 7 µm, which is very small compared to the pitch of 
the emitter fingers (425 µm). Therefore, recombination in the poly-Si thin-film was 
simulated using the Shockley-Read-Hall (SRH) mechanism with an effective bulk 
defect on a single energy level [131]. The Auger recombination model [133] was also 
included, to account for the effect of different doping concentrations in the emitter and 
BSF.  
The doping concentration profile (Figure 4.15) of the baseline samples was obtained 
from electrochemical capacitance-voltage (ECV) measurements [84, 155] and used as 




Figure 4.15: Measured (squares) and simulated (lines) doping profiles. 
 
The capture cross sections were assumed to be 10-14 cm2 for electrons and holes, i.e. 
similar to crystalline silicon. The bulk defect density, the defect energy (with respect 
to the Fermi energy of the poly-Si p-doped absorber layer) and surface recombination 
velocities were then extracted by fitting of the measured I-V and EQE curves. With an 
increasing bulk defect density within the poly-Si absorber, the Voc and fill factor of the 
poly-Si thin-film solar cell decreases. With an increasing defect energy, it was found 
that Voc increases. As expected, the surface recombination rate of the front surface 
affects the blue response (short-wavelength region in the EQE) of the solar cells. 
Correspondingly, the surface recombination rate of the rear surface affects the infrared 
response of the cells (long-wavelength region in the EQE).  
4.3.2.2 Calibration and Discussion 
Figure. 4.16 shows the calibrated simulation results as well as measured EQE and 
I-V characteristics of a planar poly-Si thin-film solar cell. The red lines represent the 
simulation results from the 2D model and the black squares show the measured results. 
The experimental I-V curve was corrected for the shunt resistance effect (dashed line 
in Figure. 4.16(b)). The reasons for this correction are discussed in a later part of this 
section. 
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Figure. 4.16: (a) Simulated and measured EQE curve for the baseline poly-Si thin-film solar cell, as 
sketched in Figure 4.14c. (b) Simulated and measured 1-Sun I-V characteristics for the baseline case. 
The dashed line shows a one-diode model fit of the experimental I-V curve. The white squares 
represent the experimental I-V curve corrected for the shunt resistance Rsh (i.e., assuming Rsh  ).  
 
The mismatch in the EQE curve, particularly at long wavelengths, is a result of the 
high level of coherence in the transfer matrix calculations that are used for the optical 
simulation, as discussed previously (assuming perfect planar interfaces, which are not 
the case in reality as explained in Section 4.2.1.2). The simulated EQE curve has been 
smoothened to eliminate the effect of counting the glass pane as a coherent medium. 
The calibrated poly-Si electrical parameters used in the simulation are listed in Table 
4-3. 
Table 4-3: Simulation parameters for poly-Si thin-film solar cells. 
Simulation parameters Values 
wm, wf , 12.5 μm, 215.5 μm 
Ap/Af 0.05 
Bulk defect density 2.51015 cm-3 
Capture cross section for electrons and holes 110-14 cm2 
Defect energy (relative to the intrinsic Fermi level) 0.25 eV 
Front surface recombination velocity Sf 1105 cm/s 
Back surface recombination velocity Sb 2105 cm/s 
Contact resistance of the metal [156] 110-4 Ω∙cm2 
Electron mobility[157] 140 cm2/Vs 
Hole mobility [157] 48 cm2/Vs 
 
Figure. 4.16b presents a comparison of the experimental I-V results and the 
simulated ones. The experimental I-V curve has a relatively small shunt resistance (Rsh) 
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(305 Ωcm2) and a large series resistance (Rs) (2.3 Ωcm2). These resistance values were 
estimated by fitting with a one-diode model equation. The lumped series resistance 
method results in a Rs value of 1.8 Ωcm2. The differences between simulated and 
measured Rs can be explained by the internal series resistance in the third dimension in 
the cell. Non-homogeneity in the poly-Si material in the third dimension and variation 
in the contact resistance in the experimentally obtained data also influence the 
simulated series resistance. Shunting due to the metallisation process is mostly due to 
the emitter fingers (via unintentional contacts to the p-type absorber layer). This issue 
can be controlled by manipulating the sidewall profile of the line openings. By 
changing the plasma etching parameters, the sidewall profile of the poly-Si grooves is 
controlled to have a very low gradient of slope. In this way, the photoresist mask can 
better protect the sidewalls during evaporation. In first experiments it was found that 
the chances of shunting due to unintentional contacts are largely reduced. Therefore, 
shunting is considered to be an artefact resulting from the metallisation process [158].  
Table 4-4: Comparison of the simulated and measured I-V parameters. 
 Voc [V] jsc [mA/cm2] FF [%] Eff [%] 
experiment 0.45 14.5 66.0 4.1 
experiment Rsh 
corrected 
0.45 14.5 69.0 4.5 
simulated 0.45 14.7 71.0 4.7 
 
In Table 4-4 the simulated cell efficiencies are compared to experimental results. 
The model is then used to estimate the effect of different doping profiles on the 
performance of the poly-Si solar cells. Experimental results are corrected for shunting 




4.3.2.3 Extraction of the effective defect density in the baseline poly-Si absorber  
The effective defect density of the p-doped poly-Si absorber layer is an important 
quantity indicating the “quality” of the poly-Si absorber, and it cannot be measured 
directly. In this section, the simulation model of poly-Si thin-film solar cells was 
applied to extract the effective defect density of the p-doped poly-Si absorber layer. 
For this purpose, samples with the same absorber doping density (~1.51017 cm-3) but 
different emitter doping profiles were analysed. These samples are among those used 
to analyse the impact of the emitter doping profiles, as discussed later in Chapter 6, 
Section 6.3. Typical doping profiles for these samples are shown in Figure 4.17a and 
Figure 4.17c.  
 
Figure 4.17: Poly-Si doping profiles of (a) Sample A and (c) Sample B: having the same average 
absorber doping concentration (red, fabricated by the same process), but different emitter doping 
concentrations (black). (b) and (d): Correspondingly simulated I-V compared to measurements. The 
experimental I-V curves are corrected for shunt resistances. The fitted Rsh for each experimental I-
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Using the same calibration procedure described above, I-V and EQE curves of these 
cells, using the different emitter doping concentrations shown below, can be simulated. 
A simultaneous fit to the I-V and EQE curves (the same methodology as outlined before) 
enables then to consistently extract the effective defect density of the p-doped absorber 
layer (which is assumed to be the same for all thin-film solar cells under consideration). 
A corresponding comparison of simulated I-V and measured ones are shown in Figure 
4.17. 
Table 4-5: Simulation input parameters for the poly-Si thin-film solar cells using different emitter 
doping profiles (see Figure 4.17), but the same poly-Si absorber layer. All other parameters remain 
the same as listed in Table 4-3. 
Simulation parameters Values 
Sample number A B 
Bulk defect density[cm-3] 2.51015 
Defect energy [eV] 0.3 
Front surface recombination velocity Sf [cm/s] 1104 1104 
Back surface recombination velocity Sb[cm/s] 1105 1105 
Rsh [Ωcm2] 510 400 
Rs [Ωcm2] 3.2 2.5 
 
The extracted electrical input parameters for each simulation are listed in Table 4-5. 
There is a consistent fit, describing the cells with the various emitter doping profiles 
(using the same poly-Si absorber). Thus, it can be concluded that for our baseline cells 
(using an absorber doping concentration of around 1.51017 /cm3), the effective defect 
density of the p-doped poly-Si absorber layer is 2.51015 /cm3. 
4.4 Summary of Chapter 4 
In summary, simulation models developed for poly-Si and a-Si:H thin-film solar 
cells implemented in Silvaco-Atlas were discussed. A systematic calibration of the 




To simulate the a-Si:H thin-film solar cell on textured superstrate, a novel scattering 
model to simulate textured surfaces (calibrating towards measured haze and angular 
dependent scattering into air) was successfully implemented. This simulation model 
enables a self-consistent description of the excess carrier generation profiles (photon 
absorption) in all layers of the thin-film silicon solar cells, on both a planar and a 
textured superstrate. Subsequently, electrical properties of a-Si:H solar cells were 
calibrated against measured EQE and I-V curves, for both planar and textured 
superstrates. Using the calibrated a-Si:H thin-film solar cell model, it was estimated 
that only 22% of the photocurrent generated in the p-doped window layer of the thin-
film a-Si:H solar cell is collected as short-circuit current. Basically, the window layer 
is an “electrically dead” material. 
Furthermore, a 2D simulation model describing the interdigitated metallisation 
scheme of poly-Si thin-film solar cells was developed. The quality of the p-doped poly-
Si absorber layer (i.e., its effective defect density) was quantified by comparing 
simulation results and the experimental data. It was found that for baseline p-doped 
poly-Si absorber layers (using an average doping concentration of 1.51017 /cm3), the 
effective defect density in the absorber is around 2.51015 /cm3.  
In short, calibrated simulation models have been established in the course of this 
thesis which can describe thin-film a-Si:H and poly-Si solar cells with high accuracy. 
The calibrated models are used in the subsequent chapters to evaluate the impact of 





Chapter 5  Losses in the window layer of a-Si:H thin-
film solar cells  
 
In this chapter, the potential efficiency gain by optimizing the window layer of the 
investigated baseline a-Si:H sample is studied numerically. In the previous section 
(Section 4.3.1.3), the loss in the window layer in the baseline a-Si:H silicon solar cell 
on a textured superstrate was calculated. It was shown that 78% of the photons which 
are absorbed in the window layer will not contribute to the current of the solar cell. To 
reduce the loss, an ideal window layer would have both large band gap and high 
conductivity. However, a window layer with a larger band gap, in this case μc-SiOx, 
tends to have smaller conductivity. Therefore, the best compromise between optical 
and electrical properties needs to be found. First, the impact of p-doped μc-SiOx layer 
band gap and conductivity on the a-Si:H solar cell jsc, fill factor and Voc is studied, 
based on theoretical assumptions of the window layer absorption. Next, the potential 
efficiency improvement for the simulated a-Si:H solar cell is evaluated using μc-SiOx:H 
material data reported in the literature1.  
  
                                                     
1 The main results of this chapter have been published in: Technical Digest of the 6th World 




One of the main efficiency limiting factors of the p-i-n a-Si:H thin-film solar cells 
is associated with the front p-doped layer (‘window layer’). This window layer serves 
as a carrier-selective contact, and is highly recombination active [159]. As can be seen 
from Section 4.3.1.3, out of the 1.4 mA/cm2 photocurrent absorbed in the window 
layer, only 0.3 mA/cm2 contributed to jsc of the baseline a-Si:H solar cell on textured 
superstrate. Problems associated with window layers can be improved by two means: 
reducing the parasitic absorption in the window layer and increasing the collection 
efficiency at the front. 
An ideal window layer should have a high transverse conductivity as well as a large 
band gap. Since material with a larger band gap usually has a smaller conductivity 
compared to the one with a smaller band gap, finding optimum parameters for the 
window layer is essential to improve the I-V characteristics and quantum efficiency 
(QE) response of the thin-film solar cells. In recent years, μc-SiOx:H has been 
extensively studied as a window layer material due to its high optical band gap and 
good electrical conductivity [57, 62, 160-163]. Both the conductivity and band gap of 
the window layers can be tuned by changing process parameters, such as the CO2 flow 
rate, during the deposition of the film. It is reported that μc-SiOx films deposited by 
PECVD method are a mixed-phase material consisting of an oxygen-rich a-SiOx and 
Si-rich nanocrystallites. With increased oxygen content, the p-doped μc-SiOx film has 
a larger band gap and lower crystallinity, see for example Refs. [61, 160, 162, 164]. 
This is due to the decreasing microcrystalline phase and the increasing amorphous 
phase in the SiOx film. On the other hand, oxygen-rich amorphous SiOx will lead to a 
reduction in the conductivity of the film. It was reported that the conductivity can be 
increased by process control, such as increasing the hydrogen dilution [62] or 
decreasing the discharge power density of the PECVD process [55]. However, the band 
88 
 
gap and conductivity of the fabricated μc-SiOx are still correlated to a certain extent 
(i.e. larger band gap corresponding to smaller conductivity). It is hard to predict the 
optimum conductivity (and the corresponding band gap) that can achieve the highest 
solar cell efficiency. Simulation predictions, therefore, can aid in the design of the 
window layer to achieve improved a-Si:H solar cell efficiencies.  
In this chapter, the impact of the p-doped μc-SiOx band gap and conductivity on the 
efficiency of single-junction a-Si:H thin-film solar cells (as shown in Figure 5.1) is 
studied. Impacts of μc-SiOx band gap and conductivity on solar cell jsc, fill factor and 
Voc are discussed based on theoretical assumptions of the window layer absorption 
coefficient in Section 5.2. In Section 5.3, the potential efficiency increment of the 
simulated a-Si:H solar cell on textured superstrate is evaluated numerically by tuning 
window layer properties on a realistic basis, using literature reported μc-SiOx:H 
parameters fabricated by different PECVD processes .  
 
Figure 5.1: Illustration of the simulated window layer p-μc-SiOx (20 nm) in the a-Si:H baseline solar 
cell. The contact layer is kept as p-μc-Si:H (5 nm). 
 
5.2 Impact of μc-SiOx band gap and conductivity on I-V 
characteristics 
In this section, the current gain by increasing the band gap of the window layer μc-
SiOx is predicted based on analytical calculations. The impacts of increasing the 
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window layer band gap and conductivity on jsc, fill factor and Voc are discussed based 
on the theoretical optical generation model.  
5.2.1 Simulation model 
It is assumed that the absorption coefficient depends on the band gap of the material 
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                                                                                                                         5-1 
where α(E) is the absorption coefficient, E is the photon energy, and Eg is the band 
gap of the material. The solar spectrum can be roughly estimated using Planck’s law of 
radiation (assuming a blackbody radiation with a temperature of T = 5800 K). 
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where a(E) is the absorptivity, ћ is Planck’s constant and c is the velocity of light.  
Using these equations, the photogeneration current can be calculated as a function 
of band gap, as shown in Figure 5.2. In this estimation, Eg04 is used as the reference for 
the band gap. Eg04 is defined as the photon energy for which the absorption coefficient 
reaches 104 cm-1. It should be noted that both Eg03 and Eg04 are not the real band gap of 
the material, as shown in Section 3.3.2.1. However, Eg04 is a good representation of the 
window layer absorption and is usually used as one of the parameters for reporting μc-
SiOx:H material. It can be seen from the estimation that the photocurrent absorbed in 




Figure 5.2: Estimated photogeneration current in the μc-SiOx:H as a function of Eg04 (where α = 
104 /cm). The photogeneration current is calculated as a percentage of the baseline generation where 
Eg04 = 2.0 eV. Also shown in the figure is the corresponding photogeneration current in the simulated 
a-Si:H solar cells.  
 
For the baseline sample, Eg04 was estimated at 2.0 eV based on the measured 
absorption coefficient. The fitted mobility gap for the same material is 1.84 eV. In this 
study, it is assumed the same difference holds for all the simulated band gaps. 
Furthermore, it is assumed that photons that are not absorbed in the window layer are 
absorbed in the intrinsic absorber. Therefore, an increased window layer optical band 
gap results in an increasing photocurrent generation in the intrinsic layer, and an 
increased total generation current (Figure 5.2).  
The impact of the conductivity of the window layer on the simulated a-Si:H solar 
cell efficiency is also investigated. Mobility was varied between 0.01 and 100 cm2/Vs 
(similar range as μc-Si:H [134]) and the activation energy was varied between 0.8 and 
0.15 eV (reported in [61]). The activation energy is the distance between Fermi level 
and valence band of the p-doped μc-SiOx. The resulting conductivity varies between 
10-8 and 1 S/cm.  
5.2.2 Results and discussions 
Figure 5.3 shows the simulated I-V characteristics of the a-Si:H thin-film solar cell 
as a function of window layer conductivity and band gap. Even though the 
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photogeneration current increases with band gap (see Figure 5.2), the increase in jsc is 
not as significant. This might be due to the drop in the collection efficiency.  
 
Figure 5.3: Simulated (a) short-circuit current jsc, (b) fill factor, (c) open-circuit voltage Voc and (d) 
efficiency. Band gap and conductivity of the window layer are changed independently. The 
generation profiles depend on the band gap of μc-SiOx window layer according to Equation 5-2. The 
star indicates the baseline a-Si:H solar cell (Eg04 = 2.0 eV and conductivity = 6x10-5 S/cm).  
 
As can be seen from the prediction, when the band gap of the window layer is small, 
the required conductivity in the window layer is also small. The required conductivity 
to achieve large fill factor increases with increased band gap. This can be attributed to 
the increased activation energy (Figure 5.4). If the band gap of the μc-SiOx layer 
increases, the activation energy also increases. This leads to a reduction in conductivity. 
Furthermore, the valence band offset increases, as shown in Figure 5.4. The valence 
band offset blocks the collection of holes. As a result, if the band gap of the window 
layer increases, the fill factor decreases. On the other hand, the increased band gap 
increases the built-in potential in the intrinsic absorber. Consequently, the increase in 
built-in potential increases the Voc of the solar cell. The findings on the dependence of 






























































































































































fill factor and Voc on the band offset is consistent with the observation from 
experiments, see for example [165, 166]. 
 
Figure 5.4: Band diagrams of a-Si:H thin-film solar cells with increased window layer band gaps. 
 
In summary, even though a large band gap of the window layer is preferred for 
larger photogeneration in the intrinsic absorber, a high band gap and large activation 
energy can be detrimental to the fill factor of the single-junction a-Si:H solar cell. Small 
activation energies in the window layer are preferred in order to increase the tunnelling 
probability of holes through the valence band offset at the p/i interface. Consequently, 
the conductivity of the window layer should be large. When the conductivity of the 
window layer is sufficiently high, the efficiency of the a-Si:H solar cell increases with 
increasing current density, as a result of the increased window layer band gap (this will 
be illustrated further in Section 5.3).  
5.3 Efficiency potential of the simulated a-Si:H thin-film cells 
A large band gap of the μc-SiOx window layer normally results in a small 
conductivity. In Figure 5.5, some of the literature reported μc-SiOx properties with 
correlated band gap and conductivity are displayed [55, 61, 62, 163]. Different symbols 
refer to material properties obtained from different groups. Baseline efficiencies that 
can be achieved using these different μc-SiOx materials are indicated by colour code, 



























Si:H thin-film solar cell efficiency (with window layer μc-SiOx Eg04 = 2.0 eV and 
conductivity = 6x10-5 S/cm) is indicated by the black star in the figure. With a window 
layer having optical band gap smaller than 2.1 eV, and conductivity larger than 
0.01 S/cm, a thin-film solar cell efficiency of more than 12% can be obtained (using 
the reported μc-SiOx properties). This is based on the theoretical prediction that 17% 
of the photocurrent originally generated in the p-μc-SiOx window layer is now absorbed 
in the intrinsic absorber.  
 
Figure 5.5: Simulated a-Si:H solar cell efficiency with varying window layer band gap Eg04 and 
conductivity, based on estimated photogeneration profiles (see text). The measured correlations 
between the μc-SiOx band gap and its corresponding conductivity as published by different groups 
[55, 61, 62, 163] are displayed by the symbols on the graph. White lines link the data produced from 
the same group. In general, p-doped μc-SiOx with larger band gap normally has a smaller 
conductivity. The black star indicates the processed baseline a-Si:H solar cell. 
 
In the following section, an even more realistic estimation of the current increment 
due to increased window layer band gap (i.e. as a result of increasing CO2 flow in the 
fabrication process) was obtained. Previously, a theoretical formula (equation 5-1) 
describing the window layer photon absorption has been used. This is now replaced by 
measured refractive index (n) and extinct coefficient (k) values (optical constants), 
again taken from sources in the literature. There is a variation of the conductivity from 
different process. However, when a certain conductivity value is reached, solar cell 
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efficiencies depend more on the current generation than on the conductivities of the 
window layers, as will be demonstrated later in Section 5.3.2,.  
Based on Figure 5.5, optical band gap is now kept below 2.2 eV in the subsequent 
simulation. This is because, in order to have an efficiency higher than the baseline case, 
μc-SiOx should have a conductivity of more than 10-3 S/cm if its Eg04 is larger than 
2.2 eV. However, this is not the case for most of the reported μc-SiOx. When window 
layer band gap is kept smaller than 2.2 eV, optical enhancement by increasing window 
layer band gap is investigated using reported μc-SiOx optical constants in the following 
section. 
5.3.1 Simulation parameters (from literature) used for evaluating the p-i-n a-Si:H 
solar cell  
It is difficult to assign optical constants to μc-SiOx layers fabricated by different 
processes. The material properties are affected by different process conditions. This 
fact is manifested in the large variety of reported refractive indices for μc-SiOx 
produced by different groups; see for example [56, 57, 62, 162, 167, 168]. This is also 
visible in Figure 5.6, where for a window layer processed in house, optical constants 
values are different from those obtained by Seif et al. [169] for a similar film. For the 
same fabrication process though, increasing CO2 flow results in decreasing refractive 




Figure 5.6: Optical constants from the literature, as a function of the band gap, as reported in [169]. 
For comparison, the black lines indicate the optical constants for the window layer used in our 
baseline, which was fabricated in-house. The differences in optical constants might result from 
different process conditions. The important information here is how the optical constants are 
changing with increasing band gap for the same PECVD process.  
 
In order to consistently assess design rules for a window layer and evaluate the 
potential current gain, data sets for one fabrication process should be used in the 
numerical evaluation. The used data was reported in [169], which corresponds to μc-
SiOx produced by CVD with corresponding Eg04 ranging from 1.97 to 2.13 eV (see 
Figure 5.6, except the black line which indicates our processed baseline data). What 
being focused on here is the relative current increment for band gaps between 2.0 and 
2.1 eV (instead of the absolute value predicted) by using optical constants from [169].  
5.3.2 Estimation of the a-Si:H thin-film solar cell efficiency increment potential 
by optimizing the μc-SiOx:H window layer 
Using the optical constants of μc-SiOx from a particular process, both reflection and 
transparency of the window layer can be taken into account in the simulation. The 
percentage current increase with respect to the baseline is then estimated more 
realistically. The quantum efficiencies of the solar cells, using the μc-SiOx window 
layers with optical band gaps increased from 1.97 to 2.03 to 2.13 eV, were simulated 
as shown in Figure 5.7. The corresponding conductivities were approximated to be 
0.02, 0.009 and 0.007 S/cm, respectively (interpolated from [55]). As will be shown 














































































later in Figure 5.8c, the data set from [55] provides the highest efficiency for the 
simulated a-Si:H solar cell. As can be seen in Figure 5.7, as expected, with an increased 
optical band gap from 1.97 to 2.13 eV, the blue response of a-Si:H single-junction solar 
cells increases. Using the optical trend predicted from layers fabricated by the same 
PECVD method as reported in the literature [169], it was found that around 6% current 
increase (from 12.7 mA/cm2 to 13.4 mA/cm2, interpolated from Figure 5.7) can be 
obtained if the optical band gap is increased from 2.0 to 2.1 eV. 
 
Figure 5.7: Simulated EQE for thin-film a-Si:H solar cells with varying band gap of the p-μc-SiOx 
window layer (keeping a μc-Si:H contact layer at the optical interface towards the textured AZO, 
see Figure 5.1). 
 
Assuming the same current enhancement can be achieved for our baseline thin-film 
a-Si:H solar cell, it should be possible to increase its jsc from 14.4 to 15.3 mA/cm2 by 
using an optimized p-μc-SiOx window layer. Based on this assumption, Figure 5.8 
shows the impact of the p-μc-SiOx window layer band gap and conductivity on the thin-
film I-V characteristic of the simulated a-Si:H solar cell. It can be seen from Figure 5.8 
that, with the conductivity of the window layer larger than 10-5 S/cm, the efficiency of 
the single-junction a-Si:H solar cell increases with increasing window layer band gap. 
This corresponds to the fill factor exceeding 65%. In addition, the open-circuit voltage 
also increases with the band gap of the window layer (Figure 5.8).  

































Figure 5.8: Simulated (a) fill factor, (b) Voc, and (c) efficiency of thin-film a-Si:H solar cells on 
textured superstrate. Band gap (Eg04) and conductivity of the p-μc-SiOx window layer were varied 
independently. Efficiency is calculated based on the assumption that the same current enhancement 
can be achieved by the baseline process compared with the process reported in [169]. Furthermore, 
the measured correlations between the μc-SiOx band gap and its corresponding conductivity as 
published by different groups [55, 61, 62, 163] are displayed by the symbols on (c). White lines link 
the data produced from the same group. The data set that gives the highest efficiency is highlighted 
by the blue arrow. 
 
As indicated in Figure 5.8c, for the simulated a-Si:H solar cell, 12% efficiency is 
achieved with a window layer optical band gap of 2.1 eV and a conductivity of 7x10-
3 S/cm. The efficiency is estimated based on the assumption of 6% jsc increase when 
window layer band gap increases from 2.0 to 2.1 eV, as explained previously. The μc-
SiOx with window layer band gap of 2.1 eV and its corresponding conductivity of 
0.007 S/cm is reported in [55]. Using the optimized window layer, a Voc of 966 mV and 
a fill factor of 81.6% are obtained (Figure 5.8). Compared to the a-Si:H thin-film solar 
cell with the record efficiency, the open-circuit voltage and the fill factor of the 
optimized a-Si:H thin-film solar cell are both higher. However, the short-circuit current 
can be further improved. As a reference (Table 5-1), this is compared to the baseline 
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with an optical band gap of 2.0 eV and conductivity of 6x10-5 S/cm. In short, there is 
22% relative efficiency improvement potential by optimizing the μc-SiOx window 
layer of our a-Si:H baseline solar cell.  
Table 5-1: Comparison of our a-Si:H thin-film baseline efficiency to a simulated a-Si:H solar cell 














Baseline 2.0 6x10-5 14.4 0.92 73.9 9.8 
Optimized 2.1 0.007 15.3 0.97 81.6 12.0 
 
5.4 Summary of Chapter 5 
In this study, the impact of the band gap and conductivity of the μc-SiOx window 
layer on the solar cell efficiency was investigated systematically, using the numerical 
model for a-Si:H thin-film solar cells presented in Chapter 4. The photogenerated 
current increases with increased window layer band gap. This increase can be estimated 
using an empirical relation between the absorption coefficient and the optical band gap 
of the amorphous material. In addition, Voc also increases with band gap, because of the 
increase in built-in potential. However, if the window layer μc-SiOx has a large band 
gap and a large activation energy, the large valence band offset blocks the hole 
collection and the fill factor of the a-Si:H solar cells drops. As a result, an optical band 
gap of less than 2.2 eV is preferred for the investigated a-Si:H single-junction solar 
cells. For optical band gaps below 2.2 eV, the window layer conductivity should be at 
least 10-5 S/cm in order to maintain a fill factor of more than 65%. In that case, the a-
Si:H solar cell efficiency is indeed dominated by the increase in the generation current 
due to the larger band gap of the window layer. With increased band gap, the blue 
response of the solar cell increases accordingly.  
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Using optical constants for various window layers reported in the literature [169], a 
6% short-circuit current gain is predicted, by varying the band gap of the window layer 
from 2.0 to 2.1 eV. Assuming a 6% increase in short-circuit current (i.e. from 14.4 to 
15.3 mA/cm2) by using an optimized μc-SiOx window layer (i.e., with an optical band 
gap of 2.1 eV and a conductivity of 7x10-3 S/cm instead of the used optical band gap 
of 2.0 eV and conductivity of 6x10-5 S/cm), the efficiency of the a-Si:H solar cell on 




Chapter 6 Losses in the front emitter layer of poly-Si 
thin-film solar cells  
 
In this chapter, the effects of phosphorus doping on poly-Si thin-film solar cell 
emitters are investigated in detail. There are two consequences of higher phosphorus 
doping: 1. an increase in the grain size in the emitter which results in the appearance 
of geometrically necessary dislocations (GNDs). 2. an increase in the junction depth. 
The former affects the collection efficiency in the poly-Si solar cell. The latter affects, 
among other things, parasitic absorption. First, the impact of GNDs in the n+ layer on 
the local current collection efficiency of the poly-Si solar cell was investigated. The 
study was done by combined EBIC and EBSD measurements. The range of optimum 
grain sizes for n-doped emitters is estimated. Next, the optimum efficiency was obtained 
numerically by optimizing the emitter thickness and doping concentration, based on 
the best in-house fabricated solid phase crystallised poly-Si solar cells1, 2. 
  
                                                     
1 The main results of this chapter have been published in: Physica Status Solidi (a), vol. 211, 
pp. 2488-2492, 2014  
2 The poly-Si thin-film devices used in this chapter were produced in collaboration with former 




In a polycrystalline silicon thin-film solar cell, the front surface excess charge 
carrier collector is the emitter layer. It is formed by in-situ phosphorus doping during 
poly-Si film growth. Both emitter doping and emitter thicknesses are affected by the 
phosphorus gas flow during emitter formation. In addition, our group also reported that 
grain growth is affected by the phosphorous gas flow [68]. An increasing concentration 
of phosphorus in the emitter [170] results in larger grains, and an increasing formation 
of geometrically necessary dislocations (GNDs) [69]. However, the impact of GNDs 
on the electrical properties of poly-Si thin-film solar cells has not been discussed 
previously. In this chapter, the impacts of all three factors on the electrical properties 
of poly-Si thin-film solar cells are studied, combining experimental and simulation 
approaches.  
In Section 6.2, a study is presented on how GNDs influence the collection efficiency 
of the solar cell. A combination of characterisation techniques, including grain average 
misorientation (GAM) maps compiled via electron backscatter diffraction (EBSD) 
measurements, and electron beam induced current (EBIC) measurements is introduced 
and discussed. This combination is used to study the electrical activity of GNDs. The 
analysis reveals the correlation between electrical properties of the poly-Si grains and 
their intragrain misorientation. In Section 6.3, the optimum range of the grain size 
achieved by changing phosphorus gas flow, which results in the highest fabricated solar 
cell efficiency, is assessed. The assessment allows proposing an upper limit for the 
phosphorus doping concentration in order to minimize detrimental effects from 
microstructural changes (i.e., increasing GNDs due to larger grain sizes). Poly-Si thin-
film solar cells are simulated using this doping concentration constrain and the impact 
of the emitter thicknesses on baseline sample efficiencies is studied numerically. The 
potential efficiency improvement by changing the front layer in poly-Si is predicted 
102 
 
based on these simulation studies. The poly-Si thin-film diodes used in this chapter 
were deposited by the author’s former group member F. Law and A. Kumar, while the 
metallisation and characterization were done by the author. 
6.2 Impact of geometrically necessary dislocations (GNDs) on 
charge collection   
In this section, the impact of increased n+ poly-Si grain size on the charge carrier 
collection of solid phase crystallised (SPC) poly-Si solar cells is studied. Understanding 
the microstructure and how it is related to the formation of recombination centres that 
affect minority carrier properties is of key importance for improving the efficiency of 
poly-Si thin-film solar cells. Spatially resolved information will be helpful in 
understanding the origins of the intragrain defects. Previously, studies using different 
electrical characterisation methods attributed the electrical limitation factors in SPC 
poly-Si films to intragrain dislocations [92, 93, 118, 121, 124, 126, 127]. A recent 
study, using electron paramagnetic resonance measurements on both liquid phase 
crystallised (LPC) and SPC poly-Si films, deduced that SPC poly-Si with grain sizes 
in the 0.25-1 µm range contains a large number of grain boundary defects, while large-
grained LPC poly-Si predominantly shows intragrain defects [125]. Since most of these 
characterisation methods are not spatially resolved, they do not provide information on 
the location of the electrically active defects.  
Dislocations in polycrystalline materials include statistically stored dislocations 
(SSDs), geometrically necessary dislocations (GNDs) and grain boundary dislocations 
(GBDs) [101]. GNDs form in response to plastic deformation, to maintain material 
continuity [101]. SSDs are formed by statistical trapping of dislocations during growth. 
Law et al. [69] used grain average misorientation (GAM) maps via electron backscatter 
diffraction (EBSD) to demonstrate that GNDs exist in SPC poly-Si grains larger than 
103 
 
3 μm. By analysing EBSD GAM maps and the corresponding EBIC images of SPC 
poly-Si thin-film diodes, the electrical properties of GNDs are revealed in this section. 
To understand the results from this combined method, first, Section 6.2.1 explains 
the experimental procedure of combining EBIC and EBSD GAM measurements to 
identify defect characteristics. A theoretical model of the plan-view EBIC 
measurement was implemented in the device modelling tool Silvaco-Atlas and used to 
analyse the measurement results. The model is explained in Section 6.2.2. Plan-view 
EBIC measurements are affected by both the junction depth and the local defect 
density. To account for this issue, the numerical model was used to study possible effect 
from a varying junction depth on the plan-view EBIC measurement (Section 6.2.3). 
Taking this effect into consideration, results from combining plan-view EBIC and 
GAM maps are analysed. Different plan-view EBIC signals are attributed to a 
difference in collection efficiency, thus allowing the reconstruction of the defect 
distribution in the film (section 6.2.4).  
6.2.1 Experimental procedure  
Poly-Si thin-film solar cells on glass were prepared by SPC of amorphous silicon 
precursor diodes, fabricated by plasma-enhanced chemical vapour deposition 
(PECVD). Details on the fabrication process can be found in [69]. The fabricated 
samples have the following structure (Figure 6.1): Borosilicate glass (3.3 mm)/SiNx 




Figure 6.1: Illustration of the sample structure. The electron beam is injected via the n+ poly-Si. 
 
EBSD (Bruker QUANTAX CrystAlign) measurements were performed to 
determine the size and misorientation of the poly-Si grains. The electron beam 
acceleration voltages in the EBSD measurements were in the 18-20 kV range. Grain 
average misorientation (GAM) maps were determined by using the approach described 
in [108] (and also in Section 3.2.4.2). The misorientation of each pixel is given with 
respect to the average orientation of all pixels in the same grain. Prior to EBIC imaging, 
one corner of each sample was wet-chemically etched using HF/HNO3 to expose the 
buried p+ poly-Si layer. The corner region was then dipped in HF solution (to remove 
a possible native oxide), rinsed in DI water and dried, followed by the formation of an 
ohmic contact by applying gallium indium (GaIn) paste and then a thin layer of silver 
paste. With such metal contacts, 1-Sun open-circuit voltage of around 360 mV were 
measured using Suns-Voc [171]. Room-temperature EBIC measurements were 
performed on regions with different degrees of misorientation using a Carl Zeiss Auriga 
SEM system, to obtain the local collection efficiency at short-circuit conditions of the 
investigated grains. Cross-sectional view of the cell was obtained by milling the sample 
with a focused ion beam. The sample was tilted 54o to obtain the information of the 
cross section. EBIC contrast patterns at an acceleration voltage of 4 kV were compared 
with the corresponding EBSD images. It was found that at 4 kV acceleration voltage, 
effects from surface scattering of electrons were minimal and the image resolution was 
not compromised. To identify the same location in the EBIC image (plan-view with 0° 
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stage tilt) and the EBSD image (plan-view with 70° stage tilt), metal particles coming 
from the silver paste were used as markers in the corresponding secondary electron 
(SE) images for both measurements. Furthermore, quantitative EBIC measurements 
were performed at selected locations with various degrees of misorientation. The beam 
acceleration voltage was varied from 3 to 18 kV, resulting in beam penetration depths 
of 100 to 2100 nm as shown by the simulation described in the next section. EBIC 
currents at the respective locations (Iebic) were measured for several acceleration 
voltages. 
6.2.2 Simulation model for EBIC measurements 
The generation profile of the electron beam was simulated using the Casino V2.4.8 
software [172], applying the Monte Carlo method. Structures simulated in Casino are 
composed of Si/SiNx/glass layers with beam injection from the Si side. An electron 
beam spot size of 10 nm was used. Beam acceleration voltage was varied from 1 to 
18 kV. The electron beam current was 200 pA. Same predications were also made 





𝟏.𝟔𝟕                                                                                                                                      6-1 
where ρ is the material density, A is the atomic weight and Z is the atomic number. 
Figure 6.2 shows the electron penetration range simulated using both Monte Carlo 
simulation and analytical formula. Results from both methods agree well and predict 




Figure 6.2: Simulated electron penetration range predicted by Monte Carlo simulation (using 
Casino) and analytical model. 
 
The energy required creating one electron-hole pair Ei depends on the band gap of 
the semiconductor material. Grunbaum et al. [174] gave an estimated expression as 
shown in Equation 6-2, where Eg denotes the energy band gap of the material.  
𝐄𝐢 = 𝟐. 𝟏𝐄𝐠 + 𝟏. 𝟑 (𝐞𝐕)                                                                                                                            6-2 
Based on this equation, energy profiles generated by an electron beam were 
transferred into a generation profile of electron-hole pairs. The generation profile was 
then imported into Silvaco-Atlas.  
 
Figure 6.3: Structure implemented in Silvaco. Arrows indicate simulated point ohmic contact where 
the EBIC current is extracted. The structure consists of an intra-grain area (orange block) and a 
grain boundary area (yellow block).  
 
The modelled elementary geometrical structure of poly-Si material is shown in 
Figure 6.3. The structure consists of an intra-grain area and a grain boundary area. 
Instead of modelling the grain boundary as an a few nanometre thick a-Si:H like 
material, the area near the grain boundary is treated as a part of the total grain with a 
higher defect density. If the materials have a uniform distribution of defects within a 



































grain, the defect densities in the two block are equal. As will be explained in Section 
6.2.4, GNDs appears in regions near grain boundaries.  
The thickness of the simulated poly-Si layer is 1.7 μm. The EBIC current can then 
be calculated as the short-circuit current produced by the simulated structure with the 
respective generation profile. Both regions are simulated by defects on a single, mid-
gap energy level with capture cross-sections for electrons and holes of 10-14 cm2. The 
amount of defects in the intra-grain area and the area near the grain boundary are varied 
separately in the simulation. Defect densities in the intra-grain area are generally lower 
than those in areas near grain boundaries.  
6.2.3 Effect of junction depth on plan-view EBIC measurements 
In this section, the junction depths of the investigated samples are studied by cross-
sectional EBIC, and the impact of varying junction depth on plan-view EBIC 
measurements is simulated. The information obtained from this study is needed for the 
interpretation of plan-view EBIC measurements and is necessary to interpret results 
from the combined measurements.   
The cross section image of the sample in Figure 6.4 shows the superimposed SE 
signal and EBIC signal. As can be seen from the image, the thickness of the cell is 
around 1.7 µm and the junction is about 100 nm above the glass /silicon interface. 
Normally for a n-p cell produced by PECVD with a junction near the glass surface, the 
solar cell will have an open-circuit voltage of more than 400 mV. For this p-i-n 
structured sample, however, the open-circuit voltage was measured to be only around 
360 mV. This indicates a greater recombination rate in the sample compared to the 




Figure 6.4: Superimposed EBIC-SE image of a characterised cross section. The bright red colouring 
indicates the location of the junction.  The junction is about 100 nm above the glass / silicon interface.  
 
Since EBIC measures the local collection efficiency of the sample under short-
circuit condition, the highest EBIC signals of the cross-sectional sample area occur in 
the space charge region where, ideally, all carriers are collected. Consequently, a high 
EBIC signal is an indication of the local junction depth. From Figure 6.4, it can be seen 
that the distance of the junction from the glass surface is varying. This variation of the 
junction depth might due to the non-uniform PECVD deposition process and dopant 
activation. To quantify the variation in junction depth, line profiles of the cross-
sectional EBIC were extracted. Figure 6.5 shows two selected line scans, which 
demonstrate the largest junction depth difference of the measured cross-sectional area. 
The locations of the line-scans are shown in the inserted EBIC-SE image. 
 
Figure 6.5: Line profiles of the EBIC signal taken from the cross-sectional measurements. Locations 
of the EBIC lines scan in the EBIC image are indicated in the inserted SEM picture. The maximum 
peak difference is around 0.35 µm. The deepest peak location is around 1.4 µm from the surface. 
The peak location indicates the highest collection efficiency and is used as a measure of the junction 
depth. 
 

















As shown in the line profiles measurement, the peak of the line profile has a 
maximum difference of 0.35 µm in depth. This suggests a shift in the maximum 
collection efficiency within the junction. Line profiles also indicate a broad spread of 
the EBIC signal across the cross section, which may result from the intrinsic layer 
presented in the film. In the following sections, the peak of the EBIC signal is used as 
the indication of the position of the junction depth at the corresponding location.  
As mentioned in the previous section, the variation within the junction influences 
the plan-view of the sample. To investigate this effect, how different junction depths 
affect the shape of the EBIC gain in the plan-view EBIC study was demonstrated by 
simulation (Figure 6.6). EBIC gain is used in the plan-view EBIC measurement when 
the beam voltage changes. As explained in Section 3.2.4.1, EBIC gain describes how 
many electrons the external circuit collects on average in response to one injected 
primary electrons. EBIC gain is defined as: 
𝐄𝐁𝐈𝐂 𝐆𝐚𝐢𝐧 = 𝐈𝐄𝐁𝐈𝐂/𝐈𝐛𝐞𝐚𝐦                                                                                                                        6-3 
where IEBIC is the measured EBIC current and Ibeam is the injected beam current.  
Simulations were carried out using a constant doping profile and defect densities in 
the two regions illustrated in Figure 6.3 were assumed equal and were 11018 /cm3. The 





Figure 6.6: Plan-view quantitative EBIC simulation for a poly-Si thin-film cell with uniform doping. 
The various curves represent different junction depths. The junction depths are stated in the legend. 
 
The peak position of the EBIC gain from samples with deeper junction shifts 
towards higher beam voltages. In addition, when a junction shifts away from the 
surface, the peak value of the EBIC gains drops. These results need to be considered in 
the plan-view EBIC experiments. In contrast, it will be shown in the next section (6.2.4) 
that the peaks of the measured plan-view EBIC signals of adjacent locations do not 
shift with regard to the beam acceleration voltage. On the other hand, the peak value of 
the gain varies with different location. Consequently, the results from the combination 
of EBIC and GAM (from EBSD) are attributed to the difference in local defect density.  
6.2.4 Impact of GNDs on collection efficiency revealed by combining plan-view 
EBIC and EBSD 
EBSD results show that the grain size of the investigated SPC poly-Si thin-film 
diode varies from 2 to 10 µm, with an average grain size of about 7 µm. The variation 
of grain size in samples as such allows a direct comparison of the EBIC signal from 
differently sized crystal grains. Figure 6.7 shows a GAM map, an EBIC image, and a 
superposition of the GAM and EBIC images. It can be seen from Figure 6.7b that the 
presence of a grain boundary (GB) is not a necessary condition for an EBIC contrast; 
some GBs coincide with an EBIC contrast, others don’t. This is consistent with 










 310 nm   520 nm
 740 nm   960 nm




















beam acceleration voltage [kV]
111 
 
previous reports in literature [93], which stated that defects associated with GBs are 
not dominating the electrical behaviour of SPC poly-Si films. In addition, it can be 
observed from Figure 6.7c that the GAM map shows good correlation with the EBIC 
image for grains that are larger than 3 µm. Within the large grains (> 3 µm), areas with 
a high level of misorientation (larger than 3°; green to red colours in the GAM map) 
appear dark in the EBIC image, i.e., have a lower collection efficiency for e-beam 
generated minority carriers than the adjacent areas. Misorientation is a representation 
of the curvature change in the large grains and it is an indication of the presence of 
GNDs [103]. As illustrated by the GAM map in Figure 6.7, the larger grains of the 
investigated sample suffer from a higher degree of plastic deformation and, hence, 
indicate the presence of more GNDs. The correlation between the EBIC image and the 
GAM map suggests that the reduction in EBIC signal can be attributed to GNDs in the 
grains. Comparison of GAM and EBIC measurements for smaller grains (< 3 μm) 
further proves the finding that the absence of GNDs results in a homogeneous electrical 
behaviour of these grains. For these small grains, a lower degree of misorientation can 
be observed (blue colour at lower left corner in Figure 6.7(a)), suggesting that few (or 
no) GNDs exist in these grains. Correspondingly, each individual grain shows a 




Figure 6.7: (a) GAM map of an SPC poly-Si region with large grains. The black lines were added to 
indicate grain boundaries. (b) EBIC image of the same region (white = large signal). (c) 
Superposition of the images (a) and (b).The superposition of the graph indicates the distribution of 
collection efficiency within one grain with misorientation. 
 
One example of a region of interest in the large grains used to perform the detailed 
study is presented in Figure 6.8. Misorientation and EBIC were scanned along a straight 
path, indicated in the GAM map in Figure 6.8(a). A gradual increase in misorientation 
was observed along this path. It was noted that when the misorientation changes from 
2o to 3o (relative to the first point), a sharp decrease in collected IEBIC occurred. This 
large change in collection current suggests that more defects are accumulating in 
regions with misorientations larger than 3°, even though this is not revealed by the 
GAM measurements. These regions are located in the vicinity of the grain boundaries 






Figure 6.8: (a) GAM map of a region of interest in a large grain. The arrow shows the path along 
which the measurements in graph (b) were taken. The path proceeds from the centre of the grain 
(0 μm) towards its edge (4 μm). (b) Misorientation profile and EBIC gain along the path shown in 
graph (a). The misorientation profile is measured relative to the first point.  
 
To further investigate the correlation between local charge collection probability 
and misorientation, quantitative EBIC measurements were performed. Plan-view EBIC 
with variation of beam acceleration energy has been demonstrated in the literature as 
an effective measurement of the local diffusion length in semiconductors [94]. Thus, it 
can indicate the relative distribution of the defect densities. Based on grain distribution 
information and GAM maps, we measured the EBIC current at three points within 
regions of interest in different samples. Figure 6.9(a) represents one of the samples that 
were measured:  
(A) Centre of grains larger than 3 μm with less than 1° misorientation;  
(B) Edge of the same large grain with 5° misorientation;  
(C) Centre of a neighbouring small grain with less than 1° misorientation.  
Films with slightly different grain size distributions were measured and one 
exemplary measurement of a particular sample is shown in Figure 6.9(b). Compared to 
the simulation results shown in Figure 6.6, the peaks of the three measurements 
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coincide, which suggests that the junction depth variation between these three locations 
is not significant to be detected in plan-view EBIC.  
 
Figure 6.9: (a) Selected measurement points in a region of interest. (b) EBIC gain measured at point 
A, B and C in one sample. 
 
Due to the different contact conditions and set-ups in the EBIC measurements, the 
absolute measured EBIC value was not comparable from one experiment to the next. 
To account for this issue, ratios with respect to the current collected at one location (in 
this case at point B) within each set of data were compared [175]and results are shown 
in Figure 6.10. The EBIC current collected at point B is denoted as I0. The EBIC ratio 
of the adjacent intra-grain regions A or C is calculated as (IEBIC - I0)/I0, where IEBIC is 
the current collected at point A or C.  
The difference in behaviour between regions A and B is illustrated by the black 
squares in Figure 6.10. The magnitude of the difference is approximately 30% on 
average. This indicates that an area of low defect density exists in the centre of large 
grains compared to the defect density at the edge of large grains. A simple calculation 
shows that the EBIC current collected in region A is 15% higher than that in region C, 
despite the fact that in both regions a low level of intragrain misorientation (< 1°, blue 
colour in GAM map) is observed. This suggests that the central regions of large grains 
are electrically less defective than those of small grains. Peaks of IEBIC/Ibeam measured 
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in three regions are all within 12 to 15 kV beam energy. Therefore, the influence of the 
junction depth on the measured EBIC gain is similar in all three regions.  
 
Figure 6.10: Ratios between EBIC current IEBIC collected in the central grain region (points A and 
C) and the current (I0) collected at the edge of large grains with 5o misorientation (point B). The 
ratios were calculated as (IEBIC - I0)/I0. The error bars show the variations from measuring different 
large grains. The dashed line is the simulated results of large grains. 
 
The simplified simulation model described in Section 6.2.2 is used to show that 
EBIC contrast shown in Figure 6.10 can be attributed to different defect densities in 
the two regions. The beam was injected either into the intra-grain region or into the 
grain boundary region, via the top surface. The dashed line in Figure 6.10 shows the 
estimated EBIC ratio as a function of the beam acceleration voltage. The defect density 
in the intra-grain region is 1018 cm-3 and 1019 cm-3 in the boundary area. It should be 
noted that this model is merely intended to demonstrate the cause of the different EBIC 
responses in the two regions. Factors such as influences from small grains (region C) 
are neglected to simplify the simulation. To estimate the exact defect densities in the 
two regions, the actual doping profile should be used. By using the above-mentioned 
defect density values, the model can qualitatively reproduce the shape of the contrast 
observed experimentally.  
So far it was shown that GNDs are electrically active - regions of large 
misorientation in the GAM map coincide with low intensities in EBIC measurements. 
It was also shown that GNDs significantly influences the electrical behaviour of SPC 
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poly-Si grains larger than 3 μm. However, this cannot fully explain the lower gain 
observed at the centre of grains smaller than 3 μm compared to the gain in the centre 
of larger grains. One possible explanation is stress induced migration of dislocations 
from the centre to the edges of the grains. It is also possible that growth mechanisms, 
which are not fully understood yet, between the smaller and larger grains might be 
different, resulting in a different distribution of dislocations. Other factors, such as the 
presence of SSDs, which are not delineated in the GAM maps, may also affect the 
electrical measurements. Despite these uncertainties, the decreasing gain observed in 
the three regions, i.e. IEBIC,A > IEBIC,C > IEBIC,B suggests that, when the grain size is small, 
the dominant recombination centres are distributed uniformly in SPC poly-Si samples. 
When the grain size increases beyond about 3 µm, the central regions of the grains 
become less defective and show a higher carrier collection efficiency. However, due to 
plastic deformation and the resulting GNDs near the grain boundaries, the carrier 
collection efficiency in the edge regions of large grains is reduced significantly.  
In summary, in this section, consequences of GNDs which appear in grains larger 
than 3 μm on the current collection under short-circuit conditions were studied by 
microscopic analysis. Since high phosphorus doping concentrations result in large 
grain sizes [69], it is important to find the phosphorus flow that gives an optimum 
average grain size in poly-Si devices. In the next section, the range for the upper limit 




6.3 Optimization of the emitter layer in poly-Si solar cells by 
improving the emitter layer thickness and doping 
Poly-Si thin-film solar cells were produced1 using different phosphorus gas (PH3) 
flows during deposition, resulting in different emitter concentrations. Gas flows for the 
absorber and back surface field layers remained unchanged; the detailed fabrication 
process can be found in [170]. Profiles of the electrically active doping concentration 
of the solar cells were obtained by ECV measurements. The bulk absorber average 
doping densities for all the fabricated poly-Si thin-film solar cells are around 
1.5x1017 /cm3. The solar cell efficiencies corresponding to phosphorus gas flows varied 
between 0.2 to 1.5 sccm are shown in Table 6-1 [170]. It can be seen that the highest 
efficiency was obtained for a 1 sccm gas flow during fabrication.  
Table 6-1: Device efficiencies with different emitter layer  





Thickness by ECV (nm) emitter doping (/cm3) 
0.2 400 21018 2.8±0.6 
0.5 300 81018 3.6±0.3 
1.0 800 11019 4.1±0.3 
1.5 800 21019 3.7±0.2 
 
For a PH3 flow lower than 1.5 sccm, it was found that the effective defect density 
converges. As shown in Section 4.3.2.3, the effective defect density for bulk absorber 
doping concentration of 1.51017 /cm3 is around 2.51015 /cm3. Doping profiles from 
ECV measurements were used as input parameters, therefore effects from both 
different emitter concentrations and junction depths were considered in the simulation. 
However, as can be seen from Figure 6.11, there is a significant drop in short-circuit 
current density in the cell produced with 1.5 sccm PH3 flow. The expected short-circuit 
current density, using an effective defect density of 2.51015 /cm3, is indicated by the 
                                                     
1 The experiment was conducted in collaboration with former group member Avishek. Kumar.  
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black line. The experimental values are shown by the box plot in Figure 6.11. The 
discrepancy between expected (simulated) value and measured value for devices 
prepared with a gas flow of 1.5 sccm suggests a decreasing collection efficiency.  
 
Figure 6.11: (a) Short-circuit current density (b) efficiency of the solar cells produced with different 
emitter phosphorus gas flows. The box plots indicate the measured values for the corresponding 
emitter doping. The simulation results are shown as a black line. 
 
Figure 6.11 shows that the highest efficiencies are obtained with a gas flow of 1.0 
sccm. Emitter deposition using 1 sccm PH3 gas flow results in poly-Si grain sizes of 
around 4 μm (Figure 6.12). This finding is consistent with the behaviour of the 
microscopic emitter properties discussed in the previous section - moderate grain size 
emitter films yield higher current collection.  
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In the subsequent simulation, the baseline model, representing poly-Si solar cells 
fabricated at 1 sccm gas flow, is used to predict the desired emitter doping 
concentration and emitter thickness. It is assumed that for emitter doping 
concentrations around 11019/cm3, the balance between GNDs and SSDs within the 
grain remains unchanged. The assumption is valid when PH3 flow rate is not far away 
from 1 sccm or in the case GNDs are well controlled [69, 176]. Consequently, it is 
assumed that the effective bulk defect density remains unchanged. Thus, the optimum 
solar cell efficiency can be obtained for the produced SPC poly-Si solar cells as a 
function of emitter doping and thickness.  
Practically, higher phosphorus concentration results in a deeper junction depth in 
the thin-film solar cells [170]. In the n-p junction devices investigated in this section, a 
deeper junction depth indicates a thicker emitter in the poly-Si solar cell. The 
simulation in this section aims to give an optimum doping concentration and a 
guideline for efficiency associated with possible junction depth (therefore, emitter 
thickness). The assumption of constant effective bulk defect density with changing 
emitter doping concentration gives an upper limit of the cell efficiency. 
 





































Simulated results are shown in Figure 6.13. As expected, for an emitter doping 
concentration of less than 11019 /cm3, emitter thickness should be as thin as possible 
to reduce parasitic absorption. Also, a higher emitter concentration is desired, 
suggesting the dominant recombination mechanism is still bulk absorber 
recombination. At thickness of 100 nm, it is found that the efficiency of a planar 
reference sample is 4.6%. If the emitter thickness can be further decreased to 50 nm (as 
the estimated emitter thickness in [130]), efficiency of 4.8% can be achieved for 
samples on planar superstrate since the parasitic absorption is reduced and jsc increases.  
Comparing the presented results to the highest efficiency (10.5%) achieved for SPC 
poly-Si thin-film solar cells on glass by CSG Solar [66], there is a considerable gap 
between the best cells made and the ones used in this study. There are several possible 
reasons for this discrepancy. Firstly, absorber quality and doping concentrations of the 
investigated solar cells are not optimized compared to the cells with the record 
efficiencies. Moreover, the investigated solar cells are deposited on planar glass. 
Therefore, these cells suffer from poor light absorption and consequently feature short-
circuit currents (~14 mA/cm2) that are significantly lower than those of the CSG Solar 
record samples (~29 mA/cm2). This difference in current is the main reason for the 
observed lower efficiencies. In addition, it was found experimentally that the Voc of 
textured samples is higher than that of planar samples [66]. Light absorption can be 
enhanced by implementing textures at the front surface, for instance, by aluminium-
induced texture (AIT) glass [73]. It was estimated by Huang [74] that forming poly-Si 
samples on AIT textured glass superstrates instead of planar superstrates could result 
in a current enhancement of 67%. Based on this estimation, if further assuming that Voc 
increases by 20 mV and the fill factor stays the same when moving to textured 
superstrates, an efficiency of 7.4% is possible for the baseline poly-Si solar cell on 
textured superstrates. In this case, by improving the emitter properties, the efficiency 
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of poly-Si solar cell on textured superstrate can increase from 7.4% to 8.3%, as shown 
in Table 6-2.  
Table 6-2: Summary of the efficiency improvement assuming 2.51015 /cm3 defect density. 
Prospective textured baseline is estimated by assuming 67% jsc increment, and 20 mV Voc increment 
from planar baseline (see text for details).  









 Doping [/cm3] Thickness [nm] 
Planar baseline 1019 800 14.21 0.447 67.3 4.3 








1019 50 25.6 0.467 69.8 8.3 
 
6.4 Summary of Chapter 6 
In this chapter, the effect of phosphorus doping on the poly-Si front surface emitter 
was studied. An increasing phosphorus gas flow leads to an increasing grain size in n+ 
poly-Si films. Geometrically necessary dislocations (GNDs) appear in large-grain n+ 
SPC poly-Si films (grain size > 3 μm). The impact of these GNDs on collection 
efficiencies of poly-Si thin-film diodes was investigated by means of a combination of 
EBIC and GAM maps. Correlation between EBIC and GAM maps suggests that the 
spatial non-homogenous distribution of the electrical activity in the investigated poly-
Si diodes is caused by GNDs. This, in turn, suggests that GNDs are present in regions 
of the poly-Si grains with crystallographic misorientations larger than 3°, typically 
occurring close to grain boundaries, and are electrically active. Grains smaller than 
3 µm show a homogenous spatial distribution of electrical activity of defects. In 
addition, the collection efficiency in the central regions of the large grains is better than 
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that of the smaller grains. These observations suggest that the origins of the dominant 
recombination centres of the smaller grains are different from those of larger grains.  
Combining these findings with experiments on the impact of phosphorus on grain 
size, it was concluded that the phosphorus concentration should be kept around 
11019 /cm3. A thinner emitter thickness results in less parasitic absorption, and the 
resulting poly-Si solar cell efficiency gain is investigated numerically. With an emitter 
layer thickness of 50 nm and emitter concentration of 11019 /cm3, the efficiency of the 
optimized device reaches 4.8% for the planar baseline SPC sample with a thickness of 
2 μm and an effective bulk defect density of 2.51015 /cm3 (compared to 4.3% for the 
baseline device with emitter thickness of 800 nm). It is also projected that if proper 
texturing is implemented, it is possible to increase the efficiency of the baseline cell 
from 7.4% to 8.3%, provided the same current enhancement can be maintained for the 
reduced emitter thickness.   
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Chapter 7 Theoretical investigation of realizing a thin-
film excess charge carrier collector by using a tunnel 
layer with a high fixed charge density  
 
In this chapter, a new device architecture to extract excess carriers from the 
absorber of a thin-film silicon solar cell is evaluated. In the device architecture, the 
charge collection layer is replaced by an ultra-thin oxide layer with a high density of 
fixed charge formed at the interface between the oxide layer and the absorber. Selective 
excess charge carrier collection is achieved by: 1. large surface band bending (induced 
by the fixed charges of the tunnel layer, enabling selective accumulation of electrons/ 
holes nearby the surface) and 2. the ultra-thin tunnel oxide layer covered by a 
conductive layer (serving as tunnelling contact, allowing excess charge carrier 
extraction). The new device architecture and the theoretical explanations of its 
underlying working principles are explained first, taking an amorphous silicon thin-
film solar cell (a-Si:H p-i-n) as an example. Secondly, the efficiency potential of the 
new architecture applied on a-Si:H p-i-n thin-film solar cells is evaluated. Factors 
including fixed charge density, metal work function and contact resistance caused by 
the tunnel probability of the ultra-thin oxide layer are investigated. Thirdly, possible 
architectures for poly-Si thin-film solar cells are proposed, and their efficiency 
potentials comparing to conventional poly-Si structure are discussed. Finally, 
challenges and design rules to experimentally achieve the newly proposed structure 
are discussed.1   
                                                     
1 The main results of this chapter have been published in: Journal of Applied Physics (vol.117, 




In the previous chapters, factors which affect the front surface excess carrier charge 
collection were investigated in detail. The impact of using a wide band gap and low 
conductivity p-μc-SiOx window layer in order to improve the p-i-n a-Si:H thin-film 
solar cell efficiency was evaluated in Chapter 5. In Chapter 6, the impact of using 
different phosphorus doped layers (different emitter layer thicknesses and doping 
concentrations) on the efficiency of n-p homojunction poly-Si thin-film solar cells was 
discussed. In this chapter, an alternative thin-film device architecture previously 
proposed by SERIS researcher, is verified and evaluated numerically. According to a 
recent invention disclosure in SERIS [48], an ultra-thin charged tunnel layer combined 
with full-area covered transparent conductive oxide (TCO) could be used to replace the 
front surface excess charge collector in thin-film solar cells, forming a charge collector 
for inversion-layer solar cells; in analogy to what had been applied for wafer based 
silicon solar cells [39]. To form the tunnelling collector within a thin-film solar cell, an 
ultra-thin layer is applied at the interface between front TCO contact and the absorber. 
The ultra-thin layer forms a high fixed charge density at the interface with the thin-film 
absorber, and it enables the tunnelling of excess charge carriers. In this newly proposed 
structure, the front surface excess charge carrier collector does not show its usual 
negative impacts on the device performance, i.e. parasitic absorption and defect 
recombination can be minimized. 
The main difference between the proposed thin-film solar cell structure and the 
silicon wafer-based inversion-layer solar cell structure is that the thin-film silicon solar 
cell comprises of a full-area metal contact adjacent to the tunnelling layer, see Figure 
7.1b. As a result, there is no lateral diffusion of majority carriers from the inversion 
layer into the metal contact in this selective tunnelling contact. In addition, when 
applied to thin-film silicon solar cells, excess charge carrier collection is basically 
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achieved by the sufficient amount of fixed charge (supported by the combined effect 
of the metal work function). In contrast, for the inversion layer wafer based solar cell 
as the one shown in Figure 7.1c, the accumulation of holes at the front surface is 
achieved by fixed charges in the Al2O3 layer, however the extraction of holes is realized 
by stripe contacts using a diffused p+ doped layer.  
 
Figure 7.1: (a) Conventional a-Si:H p-i-n thin-film solar cell. (b) a-Si:H thin-film solar cell with 
tunnelling front contact (using negative fixed charge). (c) Si wafer solar cell with front emitter 
inversion layer solar cell [39]. The arrows indicate the incident light. 
 
A front surface tunnelling layer with a high negative fixed charge density is required 
to replace the p-doped layer in a-Si:H thin-film solar cells, thus forming a selective 
hole collector. One of the proposed candidates for this negatively charged tunnel layer 
is atomic layer deposited aluminium oxide (ALD AlOx). The new structure, which is 
referred to as t+-i-n structure for a-Si:H thin-film solar cells, consists of: glass / TCO / 





a-Si:H / metal contact (see Figure 7.1b). The clustering of negative charges at the 
AlOx/a-Si:H interface lead to a surface accumulation of holes within the intrinsic a-
Si:H layer near the interface. This hole accumulation results in an upward bending of 
the energy bands within the intrinsic a-Si:H. Therefore, carriers can be selectively 
accumulated / collected without using doped layers at all.  
Similarly, a tunnelling layer with a high positive fixed charge density is required to 
replace the n-doped emitter layer, thus to form an electron collector, see Figure 7.2b. 
The new structure is referred as t--p structure. One of the potential candidates for this 
positive charged layer is an ultra-thin ALD SiNx. 
 
Figure 7.2: (a) Conventional poly-Si n-p thin-film solar cell. (b) Proposed poly-Si t--p thin-film solar 
cell with tunnelling front contact (using positive fixed charge). The hypothetical structure is 
challenging to achieve technically, see text. The arrows indicate the incident light. 
 
However, compared to a-Si:H p-i-n thin-film solar cells, poly-Si n-p thin-film solar 
cells are fabricated without using a front TCO layer, i.e. not using a front-side contact 
at all, but using two interdigitating contacts at the back. This brings a challenge in 
applying the new device architecture to improve poly-Si solar cell performance 
technically. The architecture of applying a rear side tunnel contact to replace the front 
side emitter is therefore proposed and evaluated. The general limitations of applying 
rear-side tunnelling contacts (instead of front-side tunnelling contacts) for a thin-film 
silicon structure are then discussed. Possible device architectures for poly-Si thin-film 




The theoretical background of using the tunnelling contact with high fixed charge 
to replace a conventional charge collector is explained first in Section 7.2, using an a-
Si:H thin-film solar cell device architecture as an example. It will be shown that the 
band diagram of the newly proposed structure is very similar to that of the conventional 
structure. In Section 7.3, the simulated efficiency improvement potential for the 
calibrated baseline a-Si:H thin-film solar cell (presented in Chapter 4, Section 4.3.1) is 
demonstrated. The main parameters that describe the tunnel layer (i.e. its negative fixed 
charge density, its TCO work function and its contact resistance) are investigated. 
Similar principles can also be applied to poly-Si thin-film solar cells, as will be 
explained in Section 7.4. Here the efficiency improvement potential of using a 
tunnelling contact with high positive fixed charge for poly-Si thin-film solar cells is 
discussed briefly. Feasible device architectures are proposed and evaluated. In Section 
7.5, general challenges and possible solutions for implementing the new device 
architecture in thin-film silicon solar cells are discussed.  
7.2 Theoretical concept of the newly proposed selective 
tunnelling contact for thin-film solar cells 
In this section, the theoretical background of tunnelling contact on silicon thin-film 
absorber is discussed (using conventional thin-film a-Si:H p-i-n solar cells as an 
illustration). The general idea is to create a similar dark band bending situation as in 
the conventional thin-film device architecture by substituting a doped layer by a tunnel 
layer with a high fixed interface charge density. The fixed charges of the tunnel layer 
at the contact/absorber interface are then able to induce a similar dark band bending as 
the doped layer of the conventional device architecture. 
In case of a conventional thin-film a-Si:H p-i-n solar cells, the front-side p-doped 
a-Si:H window layer is to be replaced with a negatively charged tunnel layer. This 
means, the conventional p-i-n device architecture is to be replaced by a so called t+-i-n 
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device architecture (with t+ referring to the tunnel layer with a high negative fixed 
charge density, thereby attracting positive charges, i.e. holes, nearby the surface of the 
thin-film absorber). To demonstrate how the charged-tunnel-layer/a-Si:H interface can 
act as the hole selective contact for a-Si:H thin-film solar cells, the band diagram of the 
t+-i-n stack is simulated and compared to the conventional p-i-n stack. The results are 
shown in Figure 7.3.  
 
Figure 7.3: Schematic sketch of (a) a standard p-i-n and (b) the newly proposed t+-i-n solar cell 
structure. Also shown are the band diagrams in the silicon layers in the dark. Under illumination, 
light is incident from the glass (not shown) through the transparent contact (TCO) at the left hand 
side of the structure. A negative fixed charge density Qf of -1012 cm-2 is assumed at the interface 
between the contact and the intrinsic a-Si:H layer. (c) Comparison of the band diagrams of the two 
structures at maximum power point. The band gap Eg for the p-doped a-Si:H window layer is 
assumed to be 1.84 eV, whereas Eg for the intrinsic and n-doped absorber and electron-collecting 
region is assumed to be 1.7 eV and 1.5 eV respectively (see text). Therefore there are band offsets at 
the p-i and i-n interfaces.  
 
In the original p-i-n structure, doped regions have different band gaps compared to 
intrinsic a-Si:H. The p-doped layer has a larger band gap so that it is more transparent 
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to the short-wavelength photons. The rear n-doped region, in accordance to the 
fabricated cells, used n-doped μc-Si:H which has a smaller band gap compared to the 
intrinsic layer. In the t+-i-n structure shown in Figure 7.3b, a negative fixed charge 
density Qf of -1012 cm-2 is assumed at the interface between the contact and the intrinsic 
a-Si:H layer, and an ohmic flatband contact is assumed towards the TCO. The high 
density of negative fixed charges leads to an accumulation of holes at the interface, and 
the valence band in a-Si:H bends upward in proximity of the contact. The band diagram 
at this t+-i interface (and the built-in potential across the intrinsic a-Si:H absorber layer) 
is similar to that of a p-i junction. 
Because of the low carrier diffusion lengths in amorphous silicon, it is important 
that an electric field is present across the intrinsic a-Si:H absorber layer to assist excess 
carrier transport and separation. Ideally, the electric field spans across the entire cell 
thickness. In the p-i-n structure, a highly doped p-layer is used to generate this electric 
field. Due to its high defect density, this layer has very low collection efficiency and 
should therefore be as thin as possible. However, there is a minimum thickness 
requirement of the doped layer in order to provide a sufficiently strong electric field by 
a sufficient amount of ionized charge . The advantage of using a t+-i-n structure (instead 
of a conventional p-i-n structure) is that the interface charge of the tunnel layer can 
maintain the electric field throughout the intrinsic region of the solar cell, without 
compromising the current collection. Thus the blue response of the thin-film solar cell 
is expected to increase using this concept. In summary, selective hole collection is 
better achieved by using a negatively charged tunnel-layer / intrinsic a-Si:H interface 




7.3 Evaluation of the efficiency improvement potential for 
a-Si:H thin-film solar cells using the newly proposed concept 
7.3.1 Proposed t+-i-n a-Si:H thin-film solar cells architecture in a superstrate 
configuration 
The tunnel contact is simulated by omitting the p-doped window layers and 
applying a layer of fixed charges at the interface between the contact electrode (TCO) 
and the intrinsic a-Si:H. The intrinsic a-Si:H used in the t+-i-n stack has the same 
thickness as the corresponding total thickness of the p-doped window layers and the 
intrinsic a-Si:H absorber layer used in the conventional p-i-n stack. The selective tunnel 
contact itself is, in a first approximation, modelled by applying fixed charges at the 
interface between the contact (TCO electrode) and the intrinsic a-Si:H, and by 
assuming a contact resistance value. Furthermore, the TCO electrode is treated as a 
simple conductive ohmic contact (however considering the negative interface charge 
of the tunnel layer), i.e. we assume a flat band condition at both front and back TCO 
contact. This implies a front TCO work function of 5.52 eV and a back TCO work 
function of 4.38 eV. Under such approximation (i.e. not explicitly modelling the TCO 
as a degenerated semiconductor layer, but simply as an ohmic flatband contact), the 
simulated band diagrams for both p-i-n and t+-i-n structures are identical to the more 
general case whereby the TCO is explicitly simulated assuming the above mentioned 
TCO work functions. For high fixed charge densities of the tunnelling layer (as required 
for our proposed concept in order to act as a carrier selective contact), the influence of 
the TCO work function on the band bending induced within the thin-film a-Si:H 
absorber can be neglected. In that case, the fixed interface charge (formed at the tunnel-
layer/i-a-Si:H interface) induces the absorber band bending, and additional interface 
charge which will form due to the TCO/a-Si:H contact formation can be neglected 
compared to the fixed interface charge of the tunnelling layer. For low fixed charge 
densities of the tunnel layer, the (degenerated) TCO contact does lead to a decrease of 
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the built-in potential in both the p-i-n and t+-i-n structure. Such effect is more prominent 
in the t+-i-n structure compared to the p-i-n structure. In this case, a high work function 
TCO is required so that the band bending at t+-i interface can reach a desired high level. 
A high band bending at the t+-i interface is required (by combined effect from the fixed 
interface charge of the tunnel layer and the TCO work function), in order to form a hole 
extracting contact.  
In the following sections, the potential efficiency improvement from changing the 
structure from p-i-n to t+-i-n is demonstrated. The effect of superstrate texturing on the 
efficiency increment is discussed. The effect of the negative fixed charge density of the 
tunnel layer (the amount of negative fixed charges applied at the contact/intrinsic a-
Si:H interface) and the effect of the TCO work function are studied. Furthermore, the 
effect of the contact resistance at the tunnel interface is studied. 
7.3.2 Potential efficiency benefits of the t+-i-n structure 
Figure 7.4a shows a comparison of the I-V characteristics of a simulated p-i-n cell 
(solid line) and a t+-i-n cell (dashed line), assuming a fixed charge density of -1012 cm-
2 at the TCO/intrinsic silicon interface (which is a typical value for ALD AlOx tunnel 
layers on c-Si) and an ohmic flatband contact. To be consistent with the experimental 
results obtained for the p-i-n samples, a contact resistance of 1.2 Ωcm2 is applied at this 




Figure 7.4: Comparing the (a) I-V characteristics and (b) the external quantum efficiency EQE of 
simulated p-i-n and t+-i-n thin-film a-Si:H solar cells on a textured superstrate. For the t+-i-n 
structure, a fixed surface charge density of -1012 cm-2 at the TCO / i-a-Si:H interface was assumed. 
The current gain of the t+-i-n structure at each wavelength is also indicated. The numerical values 
under the current density difference curve are the current density difference between p-i-n and t+-
i-n structure (in mA/cm2) integrated over the respective wavelength intervals.  
 
The simulations show that there is a large efficiency gain (27% relative), when 
changing from a p-i-n to a t+-i-n structure. Notably, there is an improvement of all I-V 
parameters of the solar cell, i.e. not only an improvement in jsc (as expected), but also 
in Voc and FF, see Table 7-1. 
Table 7-1: Simulated 1-Sun I-V parameters of p-i-n and t+-i-n thin-film a-Si:H solar cells on textured 
superstrates. 
 jsc [mA/cm2] Voc [V] FF [%] Eff [%] 
p-i-n 14.4 0.92 73.9 9.8 
t+-i-n 14.9 1.0 83.0 12.4 
Gain +3.6% +9.1% +12.7% +27% 
 
The improved fill factor is a result of the enhanced carrier collection of the t+-i-n 
structure. The simulated t+-i-n structure has a higher built-in potential within the 
intrinsic a-Si:H absorber layer compared to the conventional p-i-n structure. As 
discussed before, this enhances hole collection and thus the FF of the solar cell 
increases (the drift length in intrinsic a-Si:H induced by the electric field is about 10 
times higher than the minority carrier diffusion length [148]). Furthermore, hole 
collection is now achieved without adding additional recombination centres due to 
additional dopants introduced, therefore the Voc of the solar cell is improved by 





















































































reducing the total recombination within the hole collecting region. A relative current 
boost of 3.6% is observed for the novel cell structure. Comparing the quantum 
efficiencies of the p-i-n and t+-i-n structure, it is found that the photocurrent collection 
increases especially from 350 nm to 550 nm (see Figure 7.4b), which is the absorption 
regime of the front window layer (window layer 1). Above 550 nm, the total collected 
photocurrent density of both structures is about the same. This is expected, as light in 
this wavelength region (> 550 nm) is mostly absorbed in the intrinsic and rear-side 
n-doped layers of the solar cell, and is not affected by the introduction of the t+ layer. 
However, a significant decrease in EQE for light in the wavelength range of 650-
750 nm (amounting to 0.23 mA/cm2 less current generation for the t+-i-n structure) is 
observed, see Figure 7.5b. Probably this stems from numerical errors in the simulation 
of the rear surface. It might also be due to changes in the refractive index profile 
between the p-doped window layer and the intrinsic absorber layer in the thin-film 
stack.  
Overall, the generation in the original i-layer and n-layer is not significantly 
influenced, which is consistent with the fact that the structure of these two regions is 
not changed and therefore no large change in the rear surface behaviour is expected. 
On the other hand, the total short-circuit current is increased by 0.5 mA cm-2, which is 
basically due to the better collection efficiency at the first 20 nm of the a-Si:H stack 
(corresponding to a current gain of +0.71 mA/cm2 for photons with a wavelength below 
550 nm, which is partially compensated by a simulated and probably artificial current 
loss in the wavelength region 650 - 750 nm). 
7.3.3 Effect of superstrate texturing on the current enhancement by changing the 
structure from p-i-n to t+-i-n 
As mentioned in the previous section, μc-SiOx has been used as a p-doped hole 
accumulation layer, in order to provide better window layer properties such that it is 
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more transparent to short wavelength and less current is absorbed in the p-doped region, 
owing to its larger band gap. Short-circuit current density is therefore enhanced by 
using μc-SiOx as a window layer within a p-i-n structure, compared to other traditional 
window layer material [177].  To further analyse the current gain of the t+-i-n structure 
compared to the p-i-n structure, which is using μc-SiOx as a window layer, the portion 
of current enhancement stemming from the superstrate texture shall be eliminated. Both 
structures are now compared on a planar superstrate, therefore pure effect of current 
gain due to material properties can be compared (Table 7-2).  
Table 7-2: I-V parameter comparison of simulated p-i-n and t+-i-n a-Si:H solar cells on planar 
superstrates 
  jsc [mA/cm2] Voc [V] FF [%] Eff [%] 
Planar 
Superstrate 
p-i-n 12.7 0.89 76.7 8.7 
t+-i-n 12.7 0.96 84.8 10.4 
Gain 0% +7.9% +10.5% +19% 
 
While the change in structure helps increase both open-circuit voltage and fill factor, 
no significant increase is observed in short-circuit current in case of using a planar 
superstrate. The reason behind is that the thin-film silicon stack is optimized for the p-
i-n structure. Based on the optical properties of the materials, the t+-i-n structure has 
some optical disadvantages. This can be seen from the reflectance curve in Figure 7.5b. 
The insertion in Figure 7.5b shows the refractive indices of the front layers at 
wavelength of 550 nm. The large difference between refractive indices from 1.8 in 
TCO (at 550 nm) to 4.1 in intrinsic amorphous silicon (at 550 nm) leads to a higher 




Figure 7.5: (a) Comparison of external quantum efficiency of simulated p-i-n and t+-i-n a-Si:H thin-
film solar cells on planar superstrates. For the t+-i-n structure a fixed charge density of -1012/cm2 at 
the TCO/i-a-Si:H interface was assumed. The current gain of the t+-i-n structure at each wavelength 
was also calculated. The corresponding numerical values under the current density difference curve 
represent the integrated current density difference (in mA/cm2) in the respective wavelength 
intervals. (b) Reflection curve of the simulated planar p-i-n structure. The insertion shows the 
refractive indices at 550 nm of the first few layers, i.e. the processed planar sample consists of two 
window layers: 5 nm p-μc-Si:H and 18 nm p-μc-SiOx. Compared with intrinsic a-Si:H, these two 
window layers have lower refractive indices.  
 
As a result, as indicated in Figure 7.5a, even though the t+-i-n structure gains current 
in the blue region, a considerable amount of current is lost between 500 to 600 nm due 
to the change in refractive index and, consequently, the antireflection effect. Overall, 
even though collection efficiency in t+-i-n structure is higher, short-circuit current 
density is not improved significantly on planar superstrate. For the textured sample, on 
the other hand, the texture provides an additional antireflection effect, so that the 
change in refractive index does not affect the current as significantly. The amount of 
light trapped by the t+-i-n structure using textured superstrates is therefore not reduced 
from that trapped by the p-i-n structure. As a result, short-circuit current increases with 
better collection efficiency. 
7.3.4 Effect of the fixed interface charge and TCO work function 
The combined effect from fixed interface charges and front TCO work function on 
the built-in potential and efficiency of the t+-i-n structure are discussed in this section. 
In the simulation, photogeneration profile in the t+-i-n structure is kept constant. The 






































































contact resistance was set at 1.2 Ωcm2. As mentioned before, the band bending within 
the t+-i-n structure is influenced by both the TCO work function and the fixed interface 
charge density. The resulting t+-i-n solar cell efficiency can be parametrized by its built-
in potential, which is calculated as the potential difference between conduction band 
edges at the TCO/p and at the n/metal interface. With a fixed front TCO work function, 
there is an increasing built-in potential with negative fixed interface charge density 
increasing from 1012 to 1014 cm-2 (Figure 7.6b). On the other hand, if the amount of 
fixed interface charge is very large (i.e. > 51013 cm-2), there is basically no more 
impact from the TCO work function.  
 
Figure 7.6: (a) Effect of the built-in potential on the t+-i-n a-Si:H solar cell I-V parameters. (b) Built-
in potential of the solar cells as a function of fixed interface charge and TCO work function[178] 
(WF lf[eV]). The vertical dashed lines in (a) indicate the built-in potential of the p-i-n structure (red) 
and the built-in potential of the t+-i-n structure with an interface charge of -1012 /cm2 and an ohmic 
flatband contact (blue). The horizontal lines in (a) and (b) indicate 0% efficiency improvement of 
the t+-i-n compared to the p-i-n structure. 
 
The simulated t+-i-n a-Si:H solar cell efficiencies increase with built-in potential, 
see Figure 7.6a. The built-in potential of the p-i-n structure is 1.37 eV and is indicated 
by the vertical red dashed line in Figure 7.6a. When the built-in potential of the t+-i-n 
structure is equal to that of the p-i-n structure, the solar cell efficiency (and the fill-
factor and open-circuit voltage) is almost the same (just slightly higher). However, the 
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t+-i-n structure can achieve a significantly higher built-in potential if the fixed charge 
density is high enough. The t+-i-n structure has a 11% higher efficiency, if its built-in 
potential is 1.47 eV (i.e. corresponding to 21013 cm-2 fixed interface charge, and a 
TCO work function of 5.52 eV, which corresponds to the flatband work function which 
has been assumed for the p-i-n structure in this study).  
If the fixed charge density is 31013 /cm2, the simulated t+-i-n solar cells have a 
built-in potential larger than 1.37 eV (i.e. larger than the p-i-n reference structure) for 
all TCO work functions larger than or equal to 4.8 eV (i.e. the work function of ITO). 
In this case the t+-i-n solar cell efficiency will always be higher than the p-i-n reference 
solar cell efficiency. On the other hand, if the negative fixed charge density of the 
tunnel layer is low, the TCO work function determines the built-in potential by forming 
a conventional metal-semiconductor contact. As can be seen from Figure 7.6b; if the 
negative fixed charge density is smaller than 1012 cm-2, the resulting built-in potential 
is practically insensitive to the fixed interface charge density. Please note that the 
influence of the TCO work function is much stronger for the t+-i-n structure than for 
the p-i-n structure, as the doped a-Si:H layer of the p-i-n structure can no longer screen 
the TCO work function. 
According to Figure 7.6a, all solar cell characteristics (open-circuit voltage Voc, 
short-circuit current density jsc and fill factor FF) increase with increasing built-in 
potential. Especially for built-in potentials larger than 1.37 eV (the p-i-n reference), 
there is a significant increase in jsc and FF, whereas Voc tends to saturate. Since, within 
the intrinsic amorphous silicon absorber layer, excess carrier collection is drift assisted, 
a higher built-in potential enhances the field-assisted carrier collection and thus 
improves jsc and FF. On the other hand, with increasing built-in potential surface 
recombination gets more and more suppressed (field effect passivation), and hence Voc 
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starts to be limited by the quasi-Fermi level splitting. As a result, Voc saturates despite 
the increasing built-in potential.  
7.3.5 Effect of the tunnel layer contact resistance  
From the theoretical probability for quantum mechanical tunnelling, it is known that 
the resistance of a tunnel layer increases with increasing tunnel layer thickness. It is 
thus expected that an increasing contact resistance for the metal-insulator (tunnel 
layer)-semiconductor contact [179] with an increasing amount of atomic level 
deposition cycles used for processing the tunnel layer. Figure 7.7 shows the effect of 
the tunnel layer contact series resistance on the t+-i-n thin-film a-Si:H solar cell 
performance. In the simulation, a distributed contact resistance was added to the 
TCO/a-Si:H tunnel layer interface (i.e. applying a fixed charge density and a contact 
resistance to the front-side solar cell contact). The resulting efficiency (and the 
efficiency increment compared to the reference p-i-n structure) is calculated as a 
function of the tunnel layer contact resistance for t+-i-n structures with a built-in 
potentials of 1.50, 1.56 and 1.62 eV. When the contact resistance is below 1 Ωcm2, the 
change in efficiency is less than 0.5%. Therefore the contact resistance is not limiting 
the solar cell efficiency as long as it is well below 1 Ωcm2. Also be noted that even for 
a contact resistance as high as 10 Ωcm2 the resulting cell efficiency of the t+-i-n 
structure (10%, with a fill factor of only 70%) is still higher compared to the reference 
p-i-n structure (9.7%, with a fill factor of 74%, assuming a contact resistance of 
1.2 Ωcm2). Only when the contact resistance increases to values above 10 Ωcm2, then 





Figure 7.7: Effect of the tunnel layer series resistance on the t+-i-n a-Si:H solar cell performance. A 
zero efficiency increment line (compared to the reference p-i-n structure) is marked by the grey dash 
line. This, for example, corresponds to a tunnel layer fixed charge density of -1010, -1011, -1012 cm-2 
in case of assuming idealized ohmic flatband conditions. 
 
It should be noted though, the simulated contact resistance is a simplified 
representation of the tunnelling resistance. To further justify the effect of tunnelling 
resistance on the performance of a t+-i-n solar cell structure, more sophisticated models 
to describe the tunnelling resistance should be used. This will be further discussed in 
Section 7.5. It should also be noted that the discussed fill factor drop stems solely from 
series resistance effects of the tunnel layer, i.e. shunt resistance effects of the solar cell 
have not been considered. However, there is no obvious evidence in the literature that 
using a tunnel contact can lead to a reduction of the shunt resistance, thus the above-
stated neglecting of shunt resistance effects can be justified.  
7.4 Evaluation of the efficiency improvement potential for poly-
Si thin-film solar cells using the newly proposed concept 
7.4.1 Proposed t--p poly-Si thin-film architecture in a superstrate configuration 
In this section, the concept of using a tunnelling contact to replace a conventional 
charge collector of the poly-Si thin-film solar cell is evaluated. Again, in a first 
approximation, the tunnelling contact is simulated by a layer of fixed charge and by 
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the minority excess charge carrier collection using a tunnelling contact is to replace the 
emitter layer by an ultra-thin oxide layer with fixed positive charge density, forming a 
t--p device architecture (Figure 7.8b). However, the formation of the front contact is 
different between a conventional thin-film a-Si:H p-i-n device architecture as discussed 
in Section 7.3 and a conventional thin-film poly-Si n-p device architecture to be 
discussed here. In the conventional thin-film a-Si:H architecture the front contact is 
formed using transparent conductive oxide (TCO) materials. Unfortunately, TCO is not 
compatible with the poly-Si fabrication process since it cannot withstand high 
temperatures as required for the crystallisation of a-Si into poly-Si (as explained in 
Section 2.3). In addition, it is also highly questionable whether the ultra-thin ALD 
tunnelling layer with a high fixed positive charge density (for example ALD SiNx) can 
withstand the high temperature during poly-Si crystallisation. Therefore, the t--p device 
architecture cannot be realized technically. To overcome this challenge, the tunnel 






Figure 7.8: Sketches of different poly-Si thin-film solar cell device architectures: (a) Conventional 
n-p poly-Si thin-film solar cells in this thesis. (b) Novel device architecture for the poly-Si thin-film 
t--p solar cell on glass superstrate, replacing the n-doped emitter layer at the front by a tunnelling 
layer with positive fixed charges (practically challenging, see texts) (c) Novel device architecture for 
the poly-Si thin-film p-t- solar cell, using a tunnelling contact with positive fixed charges as the 
selective electron collector, replacing emitter layer and shifting the electron collector to rear side. 
(d) Novel device architecture for the poly-Si thin-film t--p solar cell in a substrate configuration, 
replacing the n-doped emitter layer by a tunnelling layer with positive fixed charges (see texts). The 
arrows indicate the incident light. 
 
As the rear side contact is formed only after the high temperature crystallisation 
step, the above mentioned processing issues are avoided. To fabricate the p-t- device 
architecture, the same metallisation process as used in this thesis, described in Chapter 
3, Section 3.1.2, can be applied. Only an additional ALD process should be added when 
forming the contact before metal evaporation.  
In the next section, the efficiencies of both device architectures are evaluated 
(Figure 7.8b and Figure 7.8c). It will be shown in the next section, unfortunately, there 
is no efficiency gain using a p-t- device architecture for poly-Si thin-film solar cells on 
superstrate configuration. This is due to the fact that the collection of electrons is from 
the rear-side instead of from the front-side (see next section for more explanations). 
Therefore, a poly-Si thin-film t--p architecture using a substrate configuration is 





front-side, see Figure 7.8d). The potential efficiency gain for using tunnelling contact 
as a front surface charge carrier collector is estimated.  
7.4.2 Potential efficiency benefits of the t--p structure  
Figure 7.9 shows the potential gain for replacing emitter by the tunnelling contact 
in the baseline structure, using a t--p device architecture on glass superstrate (ideal 
case). Significant increases compared to the conventional n-p poly-Si device 
architecture are observed in all I-V characteristics, by using a tunnelling contact with a 
positive fixed charge density of +1012 /cm2 (assuming flat-band condition) at the front 
contact/absorber interface. An efficiency increase of 25% is possible if the tunnelling 
contact is used as front surface excess charge carrier collector and replaces 
conventional emitter layer in poly-Si thin-film solar cell on planar glass superstrate. It 
should be noted that since the contacting scheme is changed from inter-digitated 
contact to the full area front contact, fill factor gain is significant. Short-circuit current 
density increases around 1mA/cm2 absolute because of the reduced parasitic 
absorption. A large Voc is also observed in the simulated t--p poly-Si thin-film solar cell 
on glass superstrate.  
 
Figure 7.9: Proposed t--p device architecture on glass superstrate. (a) Sketch of the device structure. 
(b) Corresponding I-V characteristics of the t--p thin-film poly-Si solar cells on glass superstrate 
compared to the conventional n-p thin-film poly-Si solar cell. The proposed t--p device architecture 
is simulated with a positive fixed charge density of 1×1012 /cm2 at the front contact/absorber 
interface. 
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Figure 7.10 shows the comparison between the I-V characteristics of the baseline 
n-p structure and the proposed p-t- device architecture using a rear side electron 
collector. As can be seen from the results, there is no gain in efficiency for back surface 
contacted p-t- poly-Si solar cells, despite the fact that the interface fixed charge density 
is assumed to be 1013 /cm2 (one order of magnitude larger than that assumed in t--p 
poly-Si thin-film solar cell shown in Figure 7.9). The efficiency of the p-t- poly-Si solar 
cells decreases around 5% relative compared to that of the conventional n-p poly-Si 
solar cells. In addition, jsc drops comparing to the conventional case, although the 
removal of phosphorus doped n+ emitter at the front should have reduced the parasitic 
absorption at the front surface. The main reason for the loss in the efficiency is that, in 
the p-t- device architecture, electrons are collected from the rear-side. To illustrate, 
poly-Si thin-film solar cell efficiency is dominated by the bulk absorber quality, which 
has a large defect density. In the p-t- poly-Si thin-film solar cell, the electrons (minority 
excess carriers) need to travel longer distance to the rear-side collector. In addition, the 
collection efficiency is limited by the lateral transport of charged carriers in the bulk 
poly-Si.  
 
Figure 7.10: Proposed p-t- device architecture on glass superstrate: (a) sketch of the structure, using 
a tunnelling contact with positive fixed charges to replace the front-side n-doped emitter layer and 
shifting the contact to rear, and (b) corresponding I-V characteristics of the p- t- thin-film poly-Si 
solar cells on glass superstrate compared to the conventional n-p thin-film poly-Si solar cell.. The 
proposed t--p device architecture is simulated with a positive fixed charge density of 1×1013 /cm2 at 
the absorber/rear contact interface. 
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Thus, in order for a tunnel contact on poly-Si solar cells to work efficiently, it should 
not be placed at the rear-side, i.e., the tunnel contact should work as a front surface 
excess charge carrier collector. To realize this advantage, therefore, a poly-Si t--p thin-
film device architecture using a substrate configuration is proposed, as shown in Figure 
7.11.  
 
Figure 7.11: Sketch of the proposed t--p architecture on a substrate configuration. 
 
In this configuration, the front-TCO covers the subsequent thin-film poly-Si stack 
on the full area. Light enters the poly-Si thin-film from the front-TCO side, instead of 
entering through the glass superstrate. The (glass) substrate acts now only as a 
supporting material, ensuring mechanical stability, and can be replaced by other non-
transparent substrate materials, like for instance a metal foil.  
Compared to the superstrate configuration, the generated minority excess carriers 
(electrons) can be collected by the front tunnelling contact, whereas the generated 
majority excess carriers (holes) are collected by the rear-side metal contact. In addition, 
avoiding the use of phosphorus doping can also contribute to the material quality 
improvement. However, the efficiency improvements of this architecture are not 
discussed in detail in this thesis. This is because the material qualities grown in this 




However, if a similar material quality can be achieved by poly-Si thin-film solar 
cells on substrate configuration compared to that achieved on superstrate configuration, 
a similar efficiency enhancement can be expected as for the discussed t--p solar cell 
architecture. In Table 7-3, the efficiency potential of using a tunnelling contact to 
replace the emitter layer in poly-Si is summarised. Even though the prediction was 
demonstrated on planar superstrate, similar gain is expected on textured superstrate. 
Table 7-3: I-V parameter comparison of simulated n-p and t--p poly-Si solar cells on planar 
superstrates. 
 jsc [mA/cm2] Voc [V] FF [%] Eff [%] 
n-p 14.2 0.447 67.3 4.3 
t--p 15.4 0.469 74.7 5.4 
Gain 8.5% +4.9% +13.9% +25% 
7.5 Challenges and design rules in applying the concept of 
tunnelling contact  
In previous sections of the chapter, the applications of selective tunnelling contact 
on the investigated thin-film solar cells are discussed numerically. The simulations 
focus on the bulk silicon material and assuming there is minimum effect from metal 
contact (for instance, flat band condition can always be met). The tunnelling contact is 
also assumed to be of high tunnel probability and at the same time contains sufficient 
amount of fixed charge. In this section, the importance of the choice of material is 
discussed in detail to provide some guidelines to achieve selective tunnelling contact 
on silicon thin-film solar cells.  
The tunnelling materials should be able to (1) provide a sufficiently high fixed 
charge density at the interface with the thin-film silicon absorber, (2) show a 
sufficiently high tunnelling probability from the absorber through the thin-film tunnel 
layer into a transparent conducting capping layer (electrode), i.e. typically a transparent 
conductive oxide layer (TCO), (3) ensuring a good contact to the electrode, avoiding 
issues such as Fermi-level pinning or Schottky contact formation. 
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One of the proposed candidates for the negatively charged tunnel layer is atomic 
layer deposited aluminium oxide (ALD AlOx). ALD AlOx has already successfully 
been used as a tunnelling contact passivation layer in crystalline silicon (c-Si) wafer 
solar cells [180-183]. It is known that ALD AlOx forms negative fixed interface charge 
(in the range of 1012 – 1013 cm-2) when in contact with c-Si wafers within its first 5 nm 
in thickness [184, 185]. As negative charge formation takes place at the c-Si/AlOx 
interface, probably due to a preferred tetragonal bonding configuration [185-188], the 
charge formation doesn’t require long-range order and is achieved by the Si bonds at 
the interface. If this is true, the negative charge can be expected to form not only on c-
Si, but also on amorphous or microcrystalline silicon. Thus, it is a promising candidate 
for developing a tunnel layer which is suitable for thin-film silicon solar cells. 
However, up to now this question has not been experimentally investigated. If negative 
charge formation on thin-film a-Si:H and μc-Si:H can be proven, ALD AlOx is well 
suited to substitute the recombination active p-doped hole accumulation layers in p-i-
in thin-film silicon solar cells. It is also proposed using ALD SiNx for the positively 
charged tunnel layer on poly-Si thin-film. Alternatively, other ALD materials can be 
screened for charge formation at the tunnel-layer/thin-film absorber interface. In 
addition, other conductive capping layers (instead of using the established TCO’s) may 
be screened [178, 189], like wet-chemically processed organic electron/hole transport 
materials as used for organic solar cell devices [190]. 
Moreover, the ALD process needs to be carefully controlled in order to deposit 
layers with sufficient fixed charges within first few cycles. This is to ensure a good 
tunnelling contact resistance. When the tunnel layer becomes thicker, tunnel resistance 
increases exponentially and will dominate the contact resistance. On the other hand, if 
the layer is too thin, the amount of fixed charge at the interface might not be sufficient. 
Therefore, reducing the contact resistance, while keeping a sufficient high fixed 
interface charge in the t+-i-n ( or the t--p) structure, remains a big challenge in 
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fabricating such a structure. It is crucial to identify proper materials which can form a 
high density of fixed charges at the tunnel-layer/absorber interface during the first few 
ALD deposition cycles, in order to have the tunnel layer as thin as possible. In addition, 
a higher work function of the conductive capping layer will lower the requirement for 
the interface charge of the tunnelling layer, and thus the tunnel layer thickness can be 
lowered to insure good conductivity. Overall, tunnel layer material, capping layer 
material and fabrication processes need to be specifically considered in order to realize 
a successful selective tunnelling-contact thin-film solar cell structure.   
7.6 Summary of Chapter 7 
In this chapter, the impact of replacing the front surface accumulation layer in 
silicon thin-film solar cell by a tunnel contact containing fixed charges is investigated, 
as described in a recent invention disclosure. The purpose of this charged tunnel layer 
is to create a selective contact and simultaneously avoiding the negative impact of 
conventionally used doped front surface collectors which have high recombination 
activity. In the new device architectures, negative interface charge is accumulating 
holes within the intrinsic a-Si:H absorber at the absorber/contact interface and positive 
interface charge is accumulating electrons within the poly-Si p-doped absorber at the 
absorber/contact interface. Simulations of the t+-i-n structure showed that the band 
structure of a traditional p-i-n structure can be reproduced by the replacement if a 
sufficient amount of negative tunnel layer charge density (~1012 cm-2) is applied. There 
is a relative efficiency improvement of 27% (i.e. from 9.7% to 12.4%) by realizing a 
t+-i-n structure compared to a conventional p-i-in structure (simulated baseline in 
Section 4.3.1) if ohmic flatband conditions for the t+-i-n structure can be achieved 
(thereby requiring high work function front-electrode materials).  
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An application of the same concept (i.e. using a selective tunnelling contact to 
replace front surface emitter layer) for thin-film n-p junction poly-Si solar cells on 
superstrate configuration is evaluated. Due to the incompatibility of TCO with the 
crystallisation process of poly-Si thin-film solar cells, achieving the t--p device 
architecture on a superstrate configuration is challenging technically. On the other 
hand, for a tunnelling selective contact to perform efficiently in poly-Si thin-film solar 
cells, minority excess carrier collection has to occur at the front side. Therefore, poly-
Si thin-film solar cell t--p architecture on a substrate configuration was proposed. It was 
estimated that, if the same material quality and solar cell efficiency can be achieved on 
substrate configuration for the conventional n-p junction poly-Si thin-film solar cells 
as that on the superstrate configuration (simulated baseline in Section 4.3.2), an 
efficiency gain of 25% can be achieved on planar substrates (from 4.3% to 5.4%) using 
the proposed novel cell structure.  
The impact of the TCO work function and contact resistance on the formation of 
the tunnelling contact was studied. The TCO work function and the amount of fixed 
charge in the tunnelling layer are correlated in order to achieve high collection 
probability. For the proposed concept to work efficiently, a high work function front 
electrode material or a high interface charge of the tunnelling layer is needed. In 
addition, the tunnelling layer should be as thin as possible while at the same time 




Chapter 8 Conclusions and Proposed Future works 
8.1 Conclusions 
One of the most important efficiency limiting factors for thin-film silicon solar cells 
is the loss associated with front surface excess charge carrier collection. In this thesis, 
the front surface excess charge carrier collection layers in a-Si:H and poly-Si thin-film 
solar cells deposited on (textured) glass superstrates were investigated using numerical 
simulation combined with in-depth experimental analysis. Simulation models were 
developed for a-Si:H and poly-Si thin-film solar cells using the numerical device 
simulator Silvaco-Atlas. The models were able to simultaneously reproduce the 
experimentally obtained (1) thin-film scattering behaviour towards air, (2) reflectance 
curve, (3) current-voltage characteristic, and (4) quantum efficiency curve of the solar 
cells. An advanced scattering model was implemented for device simulation. Losses 
associated with the window layer in a-Si:H thin-film solar cells and the emitter layer in 
poly-Si thin-film solar cells were quantified and potential improvement strategies were 
discussed.  
The impact of the band gap and conductivity of the window layer (p-doped μc-SiOx) 
on the a-Si:H thin-film solar cell performance (jsc, Voc and FF) was investigated 
systematically. The photogenerated current in the solar cell absorber increases with 
increasing window layer band gap. On the other hand, if the window layer μc-SiOx has 
a large band gap and a large activation energy, the fill factor of the a-Si:H solar cells 
drops. Therefore, the best compromise between optical and electrical properties of the 
window layer was studied numerically using p-doped μc-SiOx:H material properties 
published by different research groups. Based on this analysis, an efficiency 
improvement potential for the processed a-Si:H thin-film solar was stated, by 
improving its window layer, see Table 8-1. 
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Factors leading to electrical losses in the emitter layer (n-doped poly-Si) of solid 
phase crystallised (SPC) poly-Si thin-film solar cells on glass were studied 
experimentally, supported by numerical simulations. The collection efficiency of the 
poly-Si thin-film solar cells is affected by the appearance of geometrically necessary 
dislocations (GNDs), which are present in large-grain (grain size > 3 μm) n+ doped 
emitter layers. It was found that GNDs are electrically active. They are apparent in 
regions with crystallographic misorientations larger than 3°, typically occurring close 
to the grain boundaries of the large poly-Si grains. On the other hand, grains smaller 
than 3 µm show a homogenous spatial distribution of electrically active defects. In 
addition, the collection efficiency in the central regions of the large grains is better than 
that of the smaller grains. Based on this analysis, an efficiency improvement potential 
for the processed poly-Si thin-film solar was stated, by optimizing the thickness and 
the doping concentration of the n-doped poly-Si emitter layer, see Table 8-2. 
Finally, a new thin-film device architecture was evaluated numerically, replacing 
the (highly recombination active) window or emitter layer of thin-film a-Si:H or poly-
Si solar cells, respectively, by an ultra-thin tunnel layer with a high fixed charge density 
at the interface with the solar cell absorber. The potential efficiency improvement for 
a-Si:H and poly-Si thin-film solar cells, using this concept, was investigated 
theoretically by means of numerical device simulation. The modified front surface 
excess charge carrier collection was studied and compared to the conventional 
approach (i.e. using a window layer or an emitter layer). The correspondingly predicted 
efficiency improvement potential, using this concept, is stated in Table 8-1 (for the 
processed a-Si:H thin-film solar cell, using a so called t+-i-n device architecture instead 
of the conventional p-i-n device architecture) and in Table 8-2 (for the processed poly-
Si thin-film solar cell, using a so called t--p device architecture instead of the 
conventional n-p device architecture). For both cases, using the proposed tunnelling 
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contact for silicon thin-film solar cells, leads to higher efficiency gains as compared to 
improving the front surface collectors conventionally. 
Table 8-1: Relative improvement (gain) from the simulated p-i-n a-Si:H solar cells, by improving 
window layer conventionally or using t+-i-n architecture on textured superstrates. 
  jsc Voc FF Eff 
Baseline 
(textured) 




+6% +5% +10% +22% 
t+-i-n +3.6% +9.1% +12.7% +27% 
 
For the baseline a-Si:H thin-film solar cell deposited on a textured superstrate, only 
the gain in jsc by using a tunnel contact to replace the p-doped window layer is lower 
compared to improving the window layer conventionally. This is due to the larger 
reflection loss occurring at the contact/ i-aSi:H interface (as compared to the contact/p-
aSi interface). This reflection loss could be minimized by optimizing the absorber layer 
thickness for better antireflection properties. On the other hand, the gains in Voc and FF 
are already larger if using the proposed t+-i-n device architecture as compared to 
improving the window layer, which by far overcompensates the above-mentioned 
reflection loss.  
Table 8-2: Relative improvement (gain) from the simulated n-p poly-Si solar cells, by improving 
emitter layer conventionally or using t--p architecture on planar superstrates. 
  jsc Voc FF Eff 
Baseline 
(planar) 




+8% 0% +3.7% +11% 
t--p +8.5% +4.9% +13.9% +25% 
 
For the baseline poly-Si thin-film solar cell deposited on a planar superstrate, all I-
V parameters (jsc, Voc and FF) have a higher gain if a tunnel contact is used instead of 
optimizing the conventional emitter layer. This is because poly-Si is a homojunction 
material, and thus there is no additional reflection loss at the contact/poly-Si interface 
when using the proposed t--p device architecture. Furthermore, using the proposed 
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tunnel layer in a substrate configuration, a full-area front surface metal contact can be 
used instead of having to use the inter-digitated metallisation scheme of the baseline 
poly-Si thin-film solar cells. As a result, there is a significant gain in the fill factor using 
the proposed t--p device architecture as compared to optimizing the emitter layer. 
Although this prediction was done only for planar substrates or superstrates, the same 
trend can also be expected for textured substrates/ superstrates.  
8.2 Original Contributions 
 Development of an inter-digitated metallisation process for poly-Si thin-film solar 
cells on glass in SERIS, together with Dr. S. Chakraborty. Furthermore, the author 
determined the optimum finger width and pitch size for the inter-digitated 
metallisation pattern. 
 Development and calibration of simulation models for the a-Si:H and poly-Si thin-
film solar cells on glass processed at PVcomB and SERIS, using a TCAD 
simulation software (Silvaco-Atlas). The models are able to accurately reproduce 
measured solar cell results, i.e. I-V and EQE. This work involved the 
implementation of an advanced model of a scattering theory, enabling an accurate 
description of textured surfaces.  
 Investigation of the plan-view EBIC characterisation method on poly-Si thin-film 
solar cells on glass, using different electron beam energies. The main application 
was to monitor the local collection efficiency within large grains of poly-Si thin-
film solar cells on glass.  
 Demonstration that the geometrically necessary dislocations in large-grain 
poly-Si films are electrically active. The studies were conducted by combining 
plan-view EBIC images with grain average misorientation maps (GAM) obtained 
from EBSD measurements.  
153 
 
 Theoretical validation and evaluation of a novel thin-film solar cell concept that 
uses a tunnelling contact with a high fixed charge density to create an inversion 
layer for excess charge carrier collection. A significant efficiency enhancement 
by more than 25% relative is predicted for both a-Si:H and poly-Si thin-film solar 
cells. 
8.3 Proposed future works 
So far, the developed optical simulation method for accurately describing textured 
superstrates using Silvaco-Atlas has only been applied and verified for a-Si:H thin-film 
solar cells, i.e. using a (planar) glass superstrate covered with a texture etched 
transparent conductive oxide (i.e. AZO). The model can also be applied to poly-Si thin-
film solar cells made on textured superstrates (using, for example, the aluminium 
induced texture (AIT) method). Those cells are already experimentally available at 
SERIS, however, the thin-film poly-Si layers are still to be optimized with respect to 
the surface texture of AIT glass. In this way, a more accurate study on the impact of 
poly-Si thin-film emitter layers (using a textured superstrate) on the corresponding 
poly-Si thin-film solar cell efficiency could be achieved.  
By applying a combination of the grain average misorientation (GAM) map and 
electron beam induced current (EBIC) method to analyse the processed SPC poly-Si 
solar cells, the relative defect density at the grain centre compared to the edges of the 
grain was estimated. If temperature dependent EBIC measurements could be taken, 
further information about the density of defects and their energy levels could be 
estimated. A correlation between grain size and GND density, as well as electrical 
collection efficiency, could possibly also be explored.  
The theoretical study predicting the potential efficiency increase using the proposed 
novel solar cell architecture for thin-film solar cells (i.e. using an ultra-thin tunnel layer 
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with a high fixed charge density at the interface with the solar cell absorber) can be 
improved by explicitly modelling tunnelling transport across the contact/absorber 
interface. Models which incorporate the tunnelling probability can be included in the 
simulation model. However, to do this, some experimental studies revealing the 
relation between the tunnel contact resistance, the amount of fixed charge, and the 
tunnel layer thickness need to be conducted. In addition, no external shunt and series 
resistances are considered in the simulation, which might be different for the planar 
and textured samples. These factors need to be further evaluated to better understand 
the efficiency potential of solar cells with a tunnel contact. 
The simulation study (investigating the impact of a tunnel layer contact for thin-
film silicon solar cells) predicts a huge efficiency gain potential (larger than 25% 
relative) if this concept is applied to a-Si:H or poly-Si thin-film solar cells. Thus, it is 
tempting to proof this concept experimentally. In doing so, suitable metal oxide 
materials (preferably deposited by means of atomic layer deposition, ALD) need to be 
screened in order to obtain a sufficiently high amount of fixed charges at the interface 
with the a-Si:H or poly-Si absorber layers of the thin-film solar cells. In addition, a 
further material screening of transparent contact materials (having a high work 
function) will also be needed. The proposed novel thin-film solar cell architecture could 
then be experimentally tested for thin-film a-Si:H solar cells in a superstrate 
configuration (replacing the doped window layer), as well as for thin-film poly-Si solar 
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